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A Generic Approach for the Synthesis of Nanocrystalline
Mesoporous Materials by Inverse Micelle Templating
Altug S. Poyraz, PhD
University of Connecticut, 2014
There are 4 chapters in this thesis. Chapter 1 provides background information
(synthesis, applications, and limitations) about mesoporous materials. Chapter 2 describes the
developed inverse micelle method for the synthesis of mesoporous materials and illustrates
the applicability of the method. Chapter 3 discusses mesoporous solid acids prepared by
inverse micelle method and their catalytic activity. Chapter 4 suggests a mild transformation
of mesoporous manganese oxides into various other crystal structures under mild acidic
conditions.
Thermally stable, crystalline wall, thermally controlled monomodal pore size
mesoporous materials are discussed in the thesis. Generation of such materials involves use
of inverse micelles, elimination of solvent effects, minimization the effect of water content,
and controlling the condensation of inorganic framework by NOx decomposition. Nano-size
particles are formed in inverse micelles and are randomly packed to a mesoporous structure.
The mesopores are created by interconnected intra-particle voids, thus can be tuned from 1.2
nm to 25 nm by controlling the nano-particle size. Such phenomena allow preparation of
multiple phases of the same metal and syntheses of materials having compositions throughout
much of the periodic table. The method has been demonstrated to work for numerous
transition metal oxides like Ti, Zr, Hf, Nb, Ta, Cr, W, Mn, Fe, Co, Ni, Cu, Zn, Zr,; nonmetals
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like Al, Si, Sn, lanthanides (La, Ce, Sm. Gd), and mixed metals (YSZ, Alumina Silicate etc).
Thermal stabilities can be as high as 800oC. The mesopores are monomodal in distribution
and allow unique adsorptive and catalytic properties. Such materials have unique properties
that will allow use in adsorption, catalysis, sensors, batteries, optoelectronics, magnetic, and
other areas.
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Chapter 1: Introduction

1.1 Overview of Mesoporous Materials:
Twenty years after the seminal introduction of the first mesoporous materials by Mobil
Company, the field of mesoporous materials has expanded enormously and almost 40,000
research articles have been published related to mesoporous materials during this period1,2.
The effort can mainly be classified under two headings: (1) Developing novel synthetic
approaches for fine tuning physicochemical properties and (2) their use in various
applications. The huge interest in the field of mesoporous materials is due to the control and
fine tuning of structural properties such as pore size, pore volume, bi-modal porosity (micro
and meso), unique morphologies (i.e. sphere, rods, cubes), different mesostructures (i.e. 2D
hexagonal, tetragonal. face centered cubic), and modifications for a wide range of specific
applications. The fine tuning and control of the structural parameters has been demonstrated
to be very useful in numerous fields such as gas sensors, cathode materials in solar cells and
lithium ion batteries, redox supercapacitors, adsorption and separation, catalysis, and
magnetic materials

3–10

. The synthesis of mesoporous materials and the fine tuning of the

structural parameters are possible by controlling the soft-assembly (micellization of the
surfactants), micelle-inorganic precursor interaction, and controlling the condensation of
inorganic sols11,12. Therefore, significant numbers of studies related to mesoporous materials
focus on new synthetic approaches which involve the use of surfactant micelles as soft
templates

13–18

. From a thermodynamic point of view, the crucial parameters are Inorganic-

Inorganic (GI-I), Inorganic-Surfactant (GI-S) interactions

12,19

. In order to obtain an ordered

mesostructured material, controlled condensation of the inorganic component (GI-I) and strong
inorganic-surfactant interaction (GI-S) are desired. The former is controlled by the sol-gel
1

chemistry of the inorganic sols by proper pH adjustment and in alcoholic solutions 20,21. The
latter (inorganic-surfactant) interaction can be Coulombic such as S+I-; S-I+; S+X-I+; S-X+Iwhere S is the surfactant, I is the inorganic sol and X is the mediator ion or can be a charge
transfer interaction between empty d orbitals of transition metal and oxygen lone pair
electrons of the surfactant8,11,14,15,18,21–24.
1.2 Mesoporous Transition Metal Oxides (MTMO)
The developed synthetic approaches have yielded the synthesis of numerous
mesoporous materials from different parts of the periodic table. Among them the synthesis of
mesoporous transition metal oxides (MTMO) have attracted the much of the interest
especially due to their use as heterogeneous catalysts 3,8,9,25–27. However, the direct synthesis
of MTMO is still a challenge to date. Despite the fact that the successful syntheses of
numerous thermally stable MTMOs have been achieved, those efforts mostly focused on
groups I-IV TMs such as Y, Ti, Hf, Zr, V, Nb, Ta, Cr, Mo, and W14,15,28–33. Some of the
mesoporous groups I-IV TM oxides and inorganic-surfactant interactions (GI-S) are
summarized in Table 1.1. Moreover, compared to mesoporous silica materials, these MTMOs
are not as well-ordered and not as porous as mesoporous silica and the control of structural
parameters are also not an easy task. The difficulty of the synthesis of late MTMOs (groups
V-X) arises from the lack of proper sol-gel chemistry, weak GI-S (due to filled d orbitals), and
easily interchangeable oxidation states with multiple different crystal structures.

Later

MTMOs also suffer from having low thermal stability of the formed mesostructure, due to the
low flexibility of the M-O-M bonds of the crystalline phases and therefore they cannot
accommodate the curvature of the soft-templates (micelles) and increased ion mobility with

2

high temperature heat treatments, especially when the temperatures gets close to the Tamman
temperature16,34–36.

Table 1.1: Illustrative examples of some of the mesoporous group I-IV TM oxides,
obtained crystal structures and inorganic-surfactant interactions (GI-S).

Transition

Crystal Structure

GI-S (inorganic-surfactant

Metal

Ref.

interactions)

Yttrium

Amorphous

Coulombic

135

Titanium

TiO2 (anatase)

Charge Transfer

18

Zirconium

ZrO2 (tetragonal)

Charge Transfer

18

Hafnium

Amorphous

Charge Transfer

15, 17

Vanadium

Amorphous

Charge

Transfer

&

Hydrogen 22

Bonding
Niobium

Nb2O5 & Amorphous

Charge Transfer & Coulombic

18, 33

Tantalum

Ta2O5 & Amorphous

Charge Transfer & Coulombic

18, 28

Chromium

Cr2O3

Charge Transfer

29

Molybdenum

α-MoO3

Charge Transfer

31

Tungsten

Amorphous

Charge Transfer

32
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1.3 General Synthetic Approaches
The surfactant and inorganic self-assembly and true liquid crystal templating
approaches are direct synthesis methods and are only applicable to certain transition metal
systems. The methods were first developed for silica and then modified and applied to other
metal oxide systems. However, only a few of these resulting materials have structural
properties comparable to silica. In addition, for the later TMs, the number of successful efforts
are very limited and control of neither structural properties nor the crystal structure is possible.
Therefore, use of silica as either a hard template for nanocasting or as a support has been the
main path for the design of later TM MTMO synthesis for catalytic reactions. Well known
mesoporous silica syntheses with easily tunable structural properties, easiness of template
removal by chemical etching in basic solutions, and high thermal and structural stabilities
have widened the use of mesoporous silica. A different type of nanocasting can also be
performed by packing nano-crystals and filling the interstitial voids with inorganic precursors.
1.3.1 Direct synthesis multivalent MTMO by soft templating (surfactant micelles)
Mesoporous materials with ordered mesostructure are typically characterized by lowangle diffraction and a Type IV adsorption isotherm. Although there are numerous claims for
mesoporosity in the literature, there are only a few with regular mesoporosity. Chromium
oxide is one of the most promising oxidation catalysts due to its mixed valent nature (2+, 3+,
5+, 6+ oxidation states) 37. The only known micelle templated mesoporous chromium oxide
was synthesized by Sinha et al.29,38. The material has a cubic mesostructure and a Cr2O3 crystal
phase which appeared after calcination. The synthesis requires long and multiple aging
periods (7-14 days). Use of pluronic F127 surfactant gives thick mesopore walls (13 nm)
which are probably the reason behind the thermal stability of the mesostructure. Despite the
4

material preserving mesostructure during calcination steps, the surface area drastically
decreases from 212 m2/g to 78 m2/g after calcination at 500oC. Moreover, XPS analyses
suggest a multivalent nature of chromium but not a pure 3+ state (Cr2O3).
Another multivalent TM with various oxidation states and crystal structures is
manganese. Different from the chromium oxides, manganese oxides can also form
microporous tunnel structures known as octahedral molecular sieves (OMS)26,39. Micelle
templated mesoporous manganese oxides were synthesized first in 1997, but since then there
has been no major progress for the synthesis of mesoporous manganese oxide40–43. The
mesoporous materials obtained with the method of Tian et al. loses its mesostructure and
mesoporosity mostly after calcination and the obtained surface areas are around ~50 m2/g.
This approach gave different crystal structures in different studies (γ-MnO2, Mn2O3, Mn5O8,
and Mn3O4) depending on heat treatment and post treatment conditions41,42. Moreover, the
XPS analyses of these materials show impurities in the structure and the preexistence of Mn2+,
Mn3+ and Mn4+ states in the same material 41–43. In a typical synthesis procedure, manganese
nitrate was added to a charged surfactant (CTABr) solution and the pH was adjusted to 8. The
columbic interaction between cationic surfactant and negatively charged manganese
hydroxide layers is the driving force for the formation of the mesostructure.
Other multivalent transition metals forming multiple crystal structures are vanadium,
iron, and cobalt oxides. There are no reported thermally stable mesoporous oxide structures
for these TMs so far. Despite this, there are several reports for the synthesis of mesostructured
iron oxide, and no thermal stability has been claimed so far35,44–46. 2D hexagonal and 3D cubic
mesostructured materials can be synthesized by evaporation induced self assembly but
retaining porosity after heat treatment still remains as a challenge35. Moreover, certain crystal
5

phases of transition metals are obtained by heating at high temperatures. Thermally unstable
mesoporous TM oxides limit the use of these mesoporous materials in catalysis. From a
catalytic point of view, heterogeneous catalysts are expected to be recyclable. Generally, to
recycle the catalyst a regeneration step involves thermally removing adsorbed species from
the surface. Therefore, thermal stability is an essential requirement. Similarly, for a gas phase
catalytic reaction, a heterogeneous catalyst is expected to retain its catalytic activity for a
substantial amount of time. The mesopore structure collapsed during stability tests due to high
reaction temperatures after a period of time.
1.3.2 Thermal Stability by Reinforcement of mesostructures:
Thermally unstable mesostructures can be reinforced before heat treatment to ensure
the mesoporosity after crystallization. The structures are reinforced by either carbon or silica.
Trimethylsiloxy-methyl silane (BTMS) and hexamethyldisilazane (HMDS) are the most
common precursors for silica coating on the internal mesopore wall8,36,47. They react with
surface hydroxyl groups to form silica coatings and the coatings support the mesostructured
material. The silica coating can easily be removed once the crystallization and stability of
mesostructured TMs are established. Carbon can also be a good structural support. The
surfactant in the as synthesized mesostructured material or a different carbon source
introduced into the mesopores of the as synthesized material can be converted to carbon8,10,36.
The organic compound is converted to carbon by heat treatment in either an inert atmosphere
or under vacuum. After the crystallization of the mesostructure the carbon is removed by a
second calcination step under air. Despite the fact that there are no reported mesoporous late
TM oxides in which the mesostructure is supported by either silica or carbon, the
reinforcement of the mesostructure of these TMs is promising.
6

1.3.3 Nanocasting Approach (The use of a hard template)
The use of a hard template is the most common approach for the synthesis of
mesoporous late TM oxides because of the challenges in direct micelle templated syntheses.
In this part of the chapter, we will give examples from manganese oxides for the illustration
of the methods, since the methods are common to all TM oxides and one can find numerous
examples for other TMs. The mesoporous hard template can be used either as a support to
accommodate and stabilize the TM nano-particles or as a template for the synthesis of late
mesoporous TM oxides by taking the replica of the existing pore structure of the template.
The tunable mesostructure and the low bulk density of SiO2 (~2.2 g.cm-3) yield high specific
surface area mesoporous silica materials, which makes them good candidates as support
materials25,48–50. However, homogeneous distribution of the TM oxides on the support is not
quite possible and generally oxide clusters exist as scattered nano-particles on the support
(Figure 3a)

51,52

. The role of mesoporous silica as a hard template is more complicated and

more parameters need to be considered. First, the filling of mesopores of the template is not
always efficient and traditional impregnation methods generally result in formation of oxides
both inside and outside the pore structure51,53–55. Second, the stability of the mesostructure
upon template (silica) removal depends on the existence of intraconnecting micro or
mesoporous tunnels, efficient filling of these tunnels, and also the TM loading amount is
important8,10,25,50,56. Therefore, SBA-15, SBA-16, and KIT-6 are the mesoporous templates
which have been most commonly used due to the fact that they contain intraconnecting
channels which ensure the stability of the mesostructure of TM oxides after template removal.
New synthetic approaches such as, in situ surfactant oxidation, ion-exchange, two solvent
methods, and chemical vapor deposition help in efficient pore filling and contribute to the

7

stability of the mesostructure upon template removal49,50,53–55,57. The materials prepared from
these approaches with sufficient TM loading preserved mesoporosity upon template removal.
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Chapter 2: A Novel Approach to Crystalline and Monomodal Pore Size Mesoporous
Materials
2.1 Introduction
The seminal introduction of MCM-41 and M-41S mesoporous materials by Mobil
researchers over 20 years ago has led to tens of thousands of research projects 1. Since this
time, variations on the Mobil process have produced various new mesoporous materials,
doped materials, different compositions, and unique synthetic modifications such as replicas
of various systems 2-4. These syntheses have focused on use of water, or water plus a base, or
water plus an acid or a chemical that varies the pH during the reaction with materials such as
urea. Various charged (S+ or S-) or neutral surfactants (S0) or a combination of these
surfactants are used. There are either strong Coulombic interactions (S+I-; S-I+; S+X-I+; S-X+I) or strong ligand metal interactions via hydrogen bonding or coordination type interactions
and such systems have limited thermal stability and mostly amorphous walls, where I =
inorganic species, and X is a mediator

5-10

. Such syntheses are open to air and various aging

times and environmental conditions that can influence the porosity of these materials. Most
studies of mesoporous transition metal oxide (MTMO) materials have focused on groups I-IV
including Y, Ti, Hf, Zr, V, Nb, Ta, Cr, Mo, and W 6,7,11-16. Sol-gel chemistry of these transition
metals (TMs) can be controlled in alcoholic solutions with proper acidity adjustments and
such metals interact strongly with polyethylene oxide groups of non-ionic surfactants by
accepting electron density to their empty d-orbitals

17

. Such control and interactions do not

exist for late TMs. Mesoporous materials synthesized by use of a soft template have low angle
X-ray diffraction peaks indicating a meso-order and Type IV N2 adsorption isotherms
indicating a regular mesopore structure.
13

Water content is a critical parameter with porous transition metal oxide syntheses
19

18,

. Water competes with polyethylene oxide (PEO) groups of non-ionic surfactants and other

alkoxy groups (from solvent or precursor) for coordination to the metal center. When excess
water is used, these systems suffer from weak surfactant-transition metal (S-I) interactions
and uncontrolled hydrolysis and condensation of inorganic sols. Since most syntheses are
open to the air, the water content is very difficult to control, unless a humidity chamber is
employed. Therefore, when the number of water molecules per metal atom (H) is > 1 phase
separation and nonporous oxides are obtained

19

. On the other hand, water is essential for

hydrolysis and condensation reactions and is also important for controlling the reaction rates.
When H is < 1, ordered mesoporous materials are formed where the metal has empty d-orbitals
to interact with solvents and surfactants 19. These materials obtain water from the environment
during synthesis or such an amount is intentionally added in controlled environments. When
H is << 1, strong S-I interactions occur with weak surfactant-surfactant (S-S) interactions and
resulting materials are either non-porous or do not have a regular mesopore structure 19.
Thermodynamic interactions in such syntheses and factors influencing each term are
given in Equation 1, where ΔGm is the Formation Energy of the mesostructured material;
ΔGorg is the S-S interaction; ΔGI is the inorganic-inorganic (I-I) interaction; ΔGinter is the SI interaction; and ΔGsol is a contribution from solvent involved interactions 19,20. Poor control
of the last 2 terms, ΔGinter and ΔGsol, is the main reason why conventional approaches cannot
be used for later TMs. Therefore, filled or half-filled d orbitals such as in systems containing
Mn, Fe, Co, and others are difficult to make with other methods since charge transfer reactions
do not occur and these metals are known to not have ideal sol-gel chemistry 19.

14

The objective of our new synthetic strategy concerns minimization of the effect of
ΔGinter and ΔGsol parameters by carrying the entire reactants into inverse micelles in order to
make well-ordered MTMO materials. Hydrolysis and condensation of the oxo-clusters (ΔGI)
in the inverse micelles are controlled by unique NOx chemistry formed in-situ by the thermal
decomposition of nitrate ions. The resulting materials are monodispersed nano-particle
aggregates and the mesopores are the connected intra particle voids. The structural parameters
(unit cell, pore size, and pore volume) and crystallinity of the resulting mesoporous materials
can be tuned by heat treatment cycles. The method is generic and allows one to synthesize
mesoporous oxide materials from different parts of the periodic table such as late TMs (Mn,
Co, Fe, Ni), early TMs (Ti, Zr), lanthanides (Ce), metalloids (Si), and non-metals (C).
ΔGm = ΔGorg + ΔGI + ΔGinter + ΔGsol (1)
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2.2 Experimental Section
2.2.1 Materials Synthesis
2.2.1.1 Mesoporous first row TM oxides:
The Inorganic source (0.01-0.02 mol) was dissolved in a solution containing 0.188-0.27
mol of 1-butanol, 0.032-0.038 mol of HNO3 and 2.04 - 4.08*10-4 mol of P123 surfactant in a
150 mL beaker at room temperature and under magnetic stirring. The obtained clear gel is
placed in an oven at 950 - 1200 C for 2 – 6 h. The obtained powder is washed several times
with ethanol and then the powder is centrifuged. Finally, the powder is dried in a vacuum oven
over night. The dried powders are subjected to heating cycles to achieve desired crystal
structure and mesopore size. Supplementary Table 2-1 shows the concentrations and reaction
conditions used for each different metal system studied as well as the heating cycles applied.
Heating cycles are needed to apply starting from the lowest temperature. For example, in order
to heat a sample to 5500C, first the material is heated to 1500C for 12 h + 2500C for 3-4 h
+3500C for 2-3 h+ 4500C for 1-2 h. The powder is naturally cooled down to RT after each
heating step. All heat treatments were done under air.
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Table 2-1. Experimental parameters for various mesoporous transition metal oxides
* We recommend performing all reactions in ovens with proper ventilation due to toxic NOx
release from the gel during the reaction.
† Iron reaction should be done with caution since the reaction gel might splash towards to
end of the reaction. We recommend placement of the beaker containing gel into a bigger
beaker and partially coverage of the bigger beaker with a cover.

Metal

Metal
Amou
nt
(mol)

1butanol
(mol)

HNO3
(mol)

P123
(mol)

Reaction
Temperature
& time (T oC
& h)

Heating
Cycles*

Manganese

0.02

0.188

0.032

3.4*10-

120 o (4h)

150o C (12h)
250oC (4h)
350oC (3h)
450oC (2h)
550oC (1h)

UCT 1 &2

4

0.01

0.12

0.019

2.04*1
0-4

95 o (2-3h)

150o C (12h)
250oC (4h)
350oC (3h)
450oC (2h)
550oC (1h)

Cobalt

0.02

0.23

0.038

4.08*1
0-4

120 o (4-6h)

150o C (12h)
250oC (4h)
350oC (3h)
450oC (2h)
550oC (1h)

Nickel

0.02

0.27

0.038

4.08*1
0-4

120 o (4h)

150o C (12h)
250oC (4h)
350oC (3h)
450oC (2h)
550oC (1h)

UCT 9 &10

UCT 7 &8

UCT 5&6

Iron†
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2.2.1.2 Mesoporous silica (UCT-14)
Tetraethylorthosilicate (TEOS) (0.02 mol) was diluted in a solution containing 0.188
mol (14 g) of 1-butanol, 0.032 mol (2 g) of HNO3 and 3.4*10-4 mol (2 g) of P123 surfactant
in a 150 mL beaker at room temperature and under magnetic stirring. The obtained clear gel
was placed in an oven at 120oC for 4- 6 h. The obtained transparent yellow film was placed
in a calcination cuvette and calcined directly under air at 450oC for 4 h (1oC/min heating rate).
2.2.1.3 Mesoporous carbon (UCT-33)
As synthesized mesoporous silica sample (UCT-14) was placed in a tubular furnace
and heated to 9000C for 2 h under an Ar atmosphere. Resulting black material was put and
stirred in a 0.5 M warm NaOH solution for etching out the silica to form mesoporous carbon.
The formed black powder was washed several times with water and ethanol and dried in a
vacuum oven over night.
2.2.1.4 Mesoporous zirconium oxide (UCT-17)
Zirconium (IV) butoxide (0.02 mol) was diluted in a solution containing 0.188 mol
(14 g) of 1-butanol, 0.032 mol (2 g) of HNO3 and 3.4*10-4 mol (2 g) of P123 surfactant in a
150 mL beaker at room temperature and under magnetic stirring. The obtained clear gel was
placed in an oven at 120oC for 4- 6 h. The obtained transparent greenish film was placed in a
calcination cuvette and calcined directly under air at 450oC for 4 h or 500oC for 3 h or 600oC
for 1 h (2oC/min heating rate).
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2.2.1.5 Mesoporous cerium oxide (UCT-16)
Cerium (III) nitrate hexahydrate (0.02 mol) was dissolved in a solution containing
0.188 mol (14 g) of 1-butanol, 0.032 mol (2 g) of HNO3 and 5.1*10-4 mol (3 g) of P123
surfactant in a 150 mL beaker at room temperature and under magnetic stirring. The obtained
clear gel was placed in an oven at 1200 C for 5 h. The obtained powder was washed several
times with ethanol and then the powder was centrifuged. Finally, the powder was dried in a
vacuum oven over night. The dried powders were subjected to heating cycles to achieve
desired crystal structure and mesopore size. Heating cycles are needed to apply starting from
the lowest temperature. For example, in order to heat a sample to 5500C, first the material is
heated to 1500C for 12 h + 2500C for 4 h +3500C for 3 h+ 4500C for 1 h + 5500C for 1 h
+6000C for 1-2 h. The powder is naturally cooled down to RT after each heating step. All heat
treatments were done under air.
2.2.1.6 Mesoporous tin oxide (UCT-31)
Tin (IV) tert-butoxide (0.012 mol) was diluted in a solution containing 0.134 mol (10
g) of 1-butanol and 2.6*10-4 mol (1.5 g) of P123 surfactant in a 150 mL beaker at room
temperature and under magnetic stirring. To above gel, diluted nitric acid solution (1 g of
(0.016 mol) HNO3 + 5 g of 1-butanol) was added. The formed opaque white gel was stirred
at RT for 1 h and then placed in an oven at 120oC for 4 h. The obtained white material was
placed in a calcination cuvette and calcined directly under air at 450oC for 3 h (1oC/min
heating rate).
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2.2.1.7 Mesoporous niobium oxide (UCT-35)
Niobium (V) chloride (0.01 mol) was dissolved in a solution containing 0.201 mol (15
g) of 1-butanol, 0.032 mol (2 g) of HNO3 and 3.4*10-4 mol (2 g) of P123 surfactant in a 150
mL beaker at room temperature and under magnetic stirring. The obtained clear gel was
placed in an oven at 120oC for 4- 5 h. The obtained thick gel was placed in a calcination
cuvette and calcined directly under air at 500oC for 1 h (2oC/min heating rate).
2.2.1.8 Mesoporous yttria stabilized zirconia (YSZ) (UCT-53)
Zirconium (IV) butoxide (0.02 mol) was diluted in a solution containing 0.188 mol
(14 g) of 1-butanol, 0.032 mol (2 g) of HNO3 and 3.4*10-4 mol (2 g) of P123 surfactant in a
150 mL beaker at room temperature and under magnetic stirring. To the above clear gel, 0.001
mol yttrium (III) nitrate hexahydrate was added and dissolved under magnetic stirring. The
obtained clear gel was placed in an oven at 120oC for 4- 6 h. The white material was placed
in a calcination cuvette and calcined directly under air at 700oC for 1 h (2oC/min heating rate).
2.2.1.9 Mesoporous Cs promoted mesoporous manganese oxide (UCT-18-Cs)
Manganese (II) nitrate tetrahydrate (0.02 mol) was dissolved in a 1-butanol solution
containing 0.188 mol (14 g) 1-Butanol, 0.032 mol (2 g) of HNO3 and 3.4*10-4 mol (2 g) of
P123 surfactant in a 150 mL beaker at room temperature and under magnetic stirring.. To this
clear aqueous solution 100 µL of 2.0M CsNO3 was added maintaining the Mn:X ratio 100:1.
The resulting clear solution was then kept in an oven at 120ᴼC for 3 h under air. The resulting
black powder was washed with excess ethanol, centrifuged and dried in vacuum oven
overnight. The dried black powder was then heated to 150ᴼC for 12 h and 250ᴼC for 3 h under
air.
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2.2.2 Materials Characterization
Powder X-Ray diffraction analyses were performed on a Rigaku Ultima IV
diffractometer (Cu Kα radiation, λ=1.5406 A) with an operating voltage of 40 kV and a current
of 44 mA. FTIR spectra of powder samples were collected using a Thermoscientific Nicolet
8700 spectrometer. Sixty four scans were collected with a 4 cm-1 spectral resolution in the
absorbance mode. Powder samples were diluted with KBr and pellets were pressed from the
powder mixture. UV-Vis spectra of reaction gels at different time intervals were recorded by
Shimadzu UV-2450 UV-Vis spectrophotometer. Diffuse Reflectance UV-Vis spectra of the
powder samples were collected with a DR apparatus attached on Shimadzu UV-2450 UV-Vis
spectrophotometer. The powder samples were diluted in barium sulfate and pressed into
sample holder. ATR-FTIR spectra of reaction gels were collected by Thermoscientific Nicolet
iS5 FT-IR spectrometer equipped with iD3 ATR accessory (ZnSe). For time dependent COOand NOx desorption studies, the samples are diluted with KBr and pelletized (133 mm
diameter). FTIR spectra of the pellets were collected using a Thermoscientific Nicolet 8700
spectrometer equipped with MCT/A detector. Sixty four scans were collected with a 4 cm -1
spectral resolution in the absorbance mode. Temperature programmed desorption mass
spectrometry (TPD-MS) analyses were performed with a homemade setup and an MKS-UT1
PPT quadrupole mass spectrometer. 100 mg of as synthesized mesoporous material was
packed in a quartz tube and the tube was placed into a horizontal tubular furnace. The loaded
sample was heated from RT to 300oC with a 5oC/min heating rate under 50 sccm air flow (or
He). The tracked masses (m/z) are 28 (CO), 30 (NO), 32 (O2), 44 (CO2), and 46 (NO2).
Morphological characterization was done using a Zeiss DSM 982 Gemini field emission
scanning electron microscope (FESEM) with a Schottky emitter at an accelerating voltage of
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2.0 kV and a beam current of 1.0 mA. Nitrogen sorption experiments were conducted on a
Quantachrome Autosorb-1-1C automated adsorption system. The powders were degassed for
6 h prior to measurement. High-resolution transmission electron microscopy (HRTEM)
images of synthesized mesoporous materials were recorded on a JEOL 2010 FasTEM
microscope operating at 200 kV.
2.2.3 Catalytic Studies (Double oxidation and in-situ esterification)
1-Decanol (1mmol), catalyst (100mg) and toluene (15ml) were taken in a 50 ml two
necked round bottom flask equipped with a condenser. The flask was immersed in a silicon
oil bath preheated to 110ᴼC. The reaction mixture were refluxed and stirred for 15 h under air
flow. The mixture was cooled after the reaction, the catalyst was removed by filtration, and
Gas chromatography/ Mass spectrometry (GC/MS) was used to analyze the filtrate. The
conversion was measured by comparing the peak areas of reactant and products. The
selectivity was measured as follows: (peak area of particular product/ peak area of all
products) * 100.
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2.3 Results
2.3.1 General Synthetic Approach and Characterization of Reaction Gel:
Our novel sol-gel based inverse micelle method (Figure 2.1) uses HNO3 at low pH to
hinder condensation; metal oxo-clusters are stabilized; and the clusters are confined in
hydrated inverse micelles and interact with surfactant via hydrogen bonding. The surfactant
species is P123, inverse micelles formed by surfactant species serve as nano-reactors, and
individual surfactant molecules in inverse micelles also form a physical barrier between the
oxo-clusters preventing uncontrolled aggregation. An interface modifier like 1-butanol (for
both PEO and PPO) compensates for the decrease of the aggregation number (AN), hinders
the condensation by forming a physical barrier between the oxo-clusters, and limits oxidation
of surfactant molecules (by TM clusters) present in the micelle. The hydrotropic nitrate ion
increases solubility of P123, penetrates into the micelle and decreases the AN, pulls the
positively charged metal oxide clusters into the micelle and hydrates the core 21. The existence
of NO3- ion in the developed method is essential and has multiple roles. Another and a more
important role arises from the unique chemistry of nitrate ions. Thermal decomposition of
nitrate ions forms a wide range of chemicals referred to as NOx

22, 23

. Formation of NOx

changes the color of the gel to yellow (~60 min). The formed NOx species coordinate to oxoclusters which can be realized from the five sharp absorption bands in region of 320 – 400 nm
(Figure 2.2a). The disappearance of color in the next 30 min is followed by a quick increase
in pH and formation of mesoporous oxides, since decomposition of NOx quickly consumes
H+ in this environment. In order to validate the role of NOx chemistry, a set of control
experiments were conducted. For these experiments, two reaction gels prepared by leaving
surfactant or metal source out. In lack of metal source, NOx formation (yellow gel) did not
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form five sharp absorption band in 320-400 nm region, instead it only created a broad
absorption peak (Figure 2.3a). On the other hand, the five absorption bands were observed
for surfactant free gel, despite resulting final material was non-porous. Formation and
disappearance of the yellow color and also formation of the mesoporous oxides upon
decolorization of the gel are observed in other studied systems. Figure 2.3b and c show the
UV-Vis spectra of the reaction gels of mesoporous cobalt and nickel respectively. The reaction
gels show the characteristic sharp absorption bands origination from NOx adsorption on metal
oxo-clusters. The formation of coordinated nitrate species upon coordination of NOx on oxoclusters is also confirmed by Attenuated Total Reflectance Fourier Transform Infrared ATRFTIR spectroscopy (Figure 2.3d) 22.
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Figure 2.1: Inverse micelle sol-gel method and roles of components: TM oxo-clusters:
positively charged oxo-clusters interact with surfactant via hydrogen bonding and the charge
is balanced by negatively charged nitrate ions (NO3_). Surfactant (P123): inverse micelles
are formed by P123 (PEO20–PPO70–PEO20) surfactant. Later, the inverse micelles are packed
to form the material. 1-Butanol: solubilizes the surfactant (solvent) and stabilizes inverse
micelles (modifier). Nitrate ion (NO3-): hydrotropic nitrate anion penetrates into the core of
inverse micelles to hydrate it and pulls positively charged oxo-clusters into the micelles.
Thermal decomposition of nitrate ions form nitric oxides (NOx) to control the sol-gel
chemistry. Formed NOx is adsorbed on oxo-clusters to hinder uncontrolled condensation.
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Figure 2.2: Characterization of the reaction gel and materials. (a) UV-Vis spectra of
mesoporous manganese oxide reaction gel heated at 120 oC for 0–90 min. (b) Normalized
FTIR intensity ratio of Iv1 of NO3- (at 1,384 cm-1) and Ivas of R-COO- (at 1558cm-1) of solventextracted samples synthesized at different reaction times. (c) TPD of as-synthesized
mesoporous manganese oxide under air and helium flow (50 cc min-1) in 30– 275 oC region.
(d) Low-angle PXRD and low-angle peak positions (nm), (e) N2 sorption isotherms and (f)
BJH desorption pore-size distributions of mesoporous manganese oxide (Meso-Mn-X)
samples heat treated at different final temperatures.
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Figure 2.3 Reaction gel characterization: UV-Vis spectra of (a) reaction gel without metal
(manganese) or surfactant (P123), (b) mesoporous cobalt oxide reaction gel, (c) mesoporous
nickel oxide reaction gel heated at 1200C for 0-130 min, and (d) ATR-FTIR spectra of reaction
gel of mesoporous manganese oxide.

During this process, surfactant species are oxidized at long reaction times and form
carboxyl groups coordinated to metal oxygen clusters and compete with nitrate to exist in the
micelles. Therefore, during the synthesis, carboxylate bands increase while nitrate related
bands decrease. The relative ratio of spectra [normalized with respect to the Mn-O stretching
band (584 cm-1)] confirms that reaction times longer than 6 h (t > 6 h) result in oxidation of
surfactant to form carboxyl groups (Figure 2.2b and Figure 2.4a) here for manganese based
systems. These samples (t > 6 h) show thermal stabilities up to 250oC, whereas samples at t
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< 6 h have a thermal stability up to 550oC (based on the disappearance of the low-angle
diffraction line). The carboxyl groups and nitrates formed on as synthesized manganese oxide
samples are oxidized and removed at 150oC (Figure 2.4b). Nitrate ions do not fully disappear
until 250oC. The carboxyl and nitrate removal was also monitored by temperature
programmed desorption (TPD) studies under air and He flows (Figure 2.2c). The carboxyl
groups leave the surface as CO2 and nitrate groups leave the surface as NO in temperature
range of 150-170oC under air flow. However, under helium flow desorption of CO2 and NO
are slower and occur at higher temperatures. Moreover, PXRD pattern of used material (under
He flow) shows Mn3O4 phase suggesting reduction of Mn species by carboxyl and nitrate
removal (Figure 2.4c). The mesostructured manganese materials with Mn3O4 phase does not
show thermal stability and low-angle diffraction line disappears at temperatures above 250oC.
Therefore, the carboxyl and nitrate removal should be done under air atmosphere.
The process of carboxyl and nitrate removal was also monitored for other metal
systems mentioned in the manuscript (Fe, Co, and Ni) (Figure 2.5a). TPD and FTIR data
show very similar desorption profiles and for all metal systems carboxyl and nitrate species
are removed in the 150-190oC temperature range. The carboxyl groups are mostly removed
by heating the as synthesized materials at 150oC for 12 h and followed by heating at 250oC
for 1-4 h. The removal process was also followed by recording FTIR spectra of the powders
at different time intervals during the heating process (Figure 2.5b, c, and d). The carboxyl
groups and nitrate ions need to be mostly removed before proceeding with further heat
treatment to preserve the mesoporous structure (for the synthesis of mesoporous materials
from late transition metals, see text). Failure to remove the carboxylate groups and nitrate ions
leads to thermally unstable mesoporous materials. All directly heated samples show no or very
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weak low-angle diffraction lines and all show non-porous features in N2 analyses along with
very low BET surface areas.

Figure 2.4 Characterization of as synthesized mesostructured manganese oxide: FTIR
spectra of (a) as synthesized mesoporous manganese oxide at different reaction times and (b)
heat treatment of as synthesized (12 h) mesoporous manganese oxide at 1500C for 0-48 h. (c)
Wide-angle PXRD patterns of mesoporous manganese oxide samples after TPD analyses.
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Figure 2.5 NOx and COO- removal: (a) Temperature Programmed Desorption (TPD) of as
synthesized mesoporous iron, cobalt, and nickel oxide samples under air flow (50 cc/min) in
30-275oC region. The FTIR spectra of heat treatment of as synthesized mesoporous (b) Iron,
(c) Cobalt, and (d) Nickel oxides at 1500C for 0-12 h and at 2500C for 1 h.
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2.3.2 Physicochemical Properties of Mesoporous TM Oxides
A typical ordered mesoporous material is characterized by a low-angle diffraction
line(s) indicating existence of a mesostructure and a Type IV adsorption isotherm indicating
a regular nano-sized pore structure. In addition, both mesopore size and unit cell contradict
upon template removal (by calcination) or heat treatment due to further condensation of the
inorganic wall. A remarkable observation is that during thermal treatment both the d-spacings
and the pore sizes increase for inverse micelle templated UCT mesoporous materials. Figure
2.2d shows the low angle diffraction lines for mesoporous manganese oxide samples heated
to different final temperatures. The low-angle diffraction line position gradually shifts from
3.1 nm to 17.5 nm (unit cell expansion) by increasing the final heat treatment temperature
from 150oC to 450oC (Table 2.2). Similarly, BJH desorption pore diameters increase (from
2.0 to 12.5 nm) with the heat treatment and regardless of the heat treatment temperature the
materials show characteristic Type IV adsorption isotherms suggesting the materials preserve
the mesoporous structure (Figure 2.2e and f).
Corresponding BET surface area (100-260 m2/g), pore size distributions, and pore
volumes (up to 0.22 cc/g) (Figure 2.2c, d, and e and Table 2.2) show that these University of
Connecticut (UCT) mesoporous materials are produced with excellent control of pore size
distributions. Such control of pore size distribution, enhanced pore volumes, and thermal
stabilities are unprecedented with transition metal oxide mesoporous materials 25. Wide-angle
PXRD patterns of the mesoporous manganese oxide samples heated to different final
temperatures are given in Figure 2.6 and Table 2.2. The materials are amorphous at low
temperatures (150oC- 350oC) and become crystalline with Bixbyite (Mn2O3) phase at high
temperatures (450oC & 550oC).
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Figure 2.6 High angle PXRD patterns of mesoporous manganese oxide samples heated
treated at different final temperatures.
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Title
(MesoM-X#)

Naming

MesoMn-X

UCT-1

Cobalt

Iron

Metal

Manganese

Table 2.2 Structural parameters of mesoporous materials discussed in the thesis.

UCT-2
MesoFe-X

UCT-5
UCT-6

MesoCo-X

UCT-7
UCT-8

Nickel

MesoNi-X

UCT-9

UCT-10

Max
Heat
Treatme
nt T (oC)
150
250
350
450
550
150
250
350
450
150

Surface
Area
(m2/g)

BJH Des.
Pore
Diameter
(nm)
2.0*
2.8
3.7
5.3
12.3
1.54*
2.2
3.4
9.6
Nonporous
5.7
7.8
Nonporous

Low-Angle
XRD peak
position
(nm)
3.1
6.7
7.7
11.5
17.5
4.2
5.0
7.9
24.5
9.3

195
81
60
435

5.5
9.7
9.7
1.4*

7.4
9.6
9.8
4.6

Amorphous
Amorphous
Amorphous
Mn2O3
Mn2O3
Amorphous
Amorphous
Fe2O3
Fe2O3
Co3O4 &
Co3O4.4H2O
Co3O4
Co3O4
NiOOH &
Ni
(OH)2.0.75H2
O
Ni15O16
Ni15O16
Ni15O16
Amorphous

250
350
150

129
110
20

250
350
450
450ǂ

255
200
191
100
35
124
225
167
46
9

12.2
14.5
6.6

Crystal
Structure

UCT-14

Meso-C

UCT-33

900oC
(Ar) for 2
h

290

3.7

10.3

NA

MesoCe-X

UCT-16

Meso-Zr

UCT-17

150
250
350
450
550
600
450ǂ

98
152
173
156
127
72
132

NA
1.1*
1.1*
1.3*
1.6
1.9
3.4

2.9
3.2
3.4
3.7
5.1
7.1
7.8

500ǂ

117

3.5

9.1

600ǂ

80

3.8

13.6

CeO2
CeO2
CeO2
CeO2
CeO2
CeO2
ZrO2
(tetragonal)
ZrO2
(tetragonal)
ZrO2
(monoclinic
& tetragonal)

zirconia

Ceria

Carbon

Silica

Meso-Si
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Cs promoted
manganese
Cadmium
(sulfide)

UCT-18

250

152

3.4

7.6

Amorphous

MesoCdS

UCT-29

NA

66

3.8

6.2

CdS
(Hawleyite)

Meso-Sn

UCT-31

450ǂ

94

8.5

9.9

SnO

Meso-Nb

UCT-35

500ǂ

117

6.1

8.3

Amorphous

MesoYSZ

UCT-53

700ǂ

82

3.4

12.6

ZrO2
(tetragonal)

Yttria stabilized
zirconia

Niobium

Tin

MesoCs[Mn

ǂ

As synthesized samples are directly calcined at indicated temperature.
* DFT pore size distributions
# X is the final heating temperature for the step wise heated samples.

Figure 2.7a shows FESEM images for mesoporous manganese oxides at various
stages of thermal treatment in the synthesis showing development of pores. At 450oC, one can
see uniform pores in these FESEM images all over the material. The TEM data of mesoporous
manganese oxide and nickel oxide (Figure 2.7b and c, respectively) are also typical of all
these materials and show that these systems are made of small crystalline nano-size particles
that are organized and that remain stable even with thermal treatments at elevated temperature
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(550oC for manganese). The nano-particle size and pore size increased were also monitored
for mesoporous manganese systems heated to different final temperatures with TEM. Figure
2.8 shows the TEM images of mesoporous manganese oxide from the same experimental
batch and heated to different final temperatures. All TEM images are collected with same
magnifications, so one can easily realize the progressive growth of both the pore size and
nano-particles with temperature increase.

Figure 2.7 Electron Microscopy images (a) FESEM images of mesoporous Mn2O3 after heat
treatments at different temperatures (scale bar, 200 nm). HRTEM images of (b)
mesoporous Mn2O3 (2500C) (scale bars, 20 nm, 10 nm, and 5 nm from left to right) and (c)
mesoporous NiO (3500C) (scale bar, 20 nm).
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Figure 2.8 HR-TEM images of mesoporous manganese oxide at different final heat treatment
temperatures: (a) 150, (b) 150, (c) 250, (d) 250, (e) 350, (f) 350, (g) 450, (h) 450, (i) 550 and
(j) 550 _C (scale bars, 20 nm).
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Pore expansion and d-spacing increase with thermal treatment were also observed in
other TM systems (iron, cobalt, and nickel) studied. Low- and wide angle PXRD patterns, N2
sorption isotherms, BJH desorption pore size distributions, FESEM, and TEM images of
mesoporous iron (UCT-5 &6), cobalt (UCT-7 & 8), and nickel (UCT-9 & 10) are
demonstrated in supplementary Figure 2.9, Figure 2.10, and Figure 2.11 respectively. The
temperature (heat treatment) dependent unit cell increase (a decrease at low-angle diffraction
line position) and pore expansion were also observed for these materials. As in the manganese
system (UCT-1), HR-TEM images for other mesoporous materials also demonstrate the nanoparticle aggregate nature of the UCT materials. The thermal stability of these materials are
similar to manganese system and mesostructure (low-angle diffraction line) disappears at
500oC, 400oC, and 500oC for iron, cobalt, and nickel systems respectively. The heat treatment
temperatures reported in Table 2.2 are final and any further temperature increase results in
disappearance of the mesostructure.
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Figure 2.09 Characterization of mesoporous iron oxide. (a) Low and (b) High angle PXRD
patterns (c) N2 sorption isotherms and (d) BJH desorption pore size distributions of
mesoporous iron oxide (UCT-5 and UCT-6) samples heated treated at different final
temperatures. (e) HR-TEM images of UCT-6 (350oC) (scale bar, 50, 20, 10, and 5 nm, from
left to right respectively) and (f) FESEM images of UCT-5 (250oC) and UCT-6 (350oC and
450oC) (scale bar, 500 nm).
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Figure 2.10 Characterization of mesoporous cobalt oxide. (a) Low and (b) High angle
PXRD patterns (c) N2 sorption isotherms and (d) BJH desorption pore size distributions of
mesoporous cobalt oxide (UCT-7 and UCT-8) samples heated treated at different final
temperatures. (e) HR-TEM images of UCT-7 (250oC) (scale bar, 50, 10, 10, and 5 nm, from
left to right respectively) and (f) FESEM images of UCT-7 (250oC) and UCT-8 (350oC and
450oC) (scale bar, 2µm).
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Figure 2.11 Characterization of mesoporous nickel oxide. (a) Low and (b) High angle
PXRD patterns (c) N2 sorption isotherms and (d) BJH desorption pore size distributions of
mesoporous nickel oxide (UCT-9 and UCT-10) samples heated treated at different final
temperatures. (e) HR-TEM images of UCT-10 (350oC) (scale bar, 50, 20, and 10 nm, from
left to right respectively) and (f) FESEM images of UCT-10 (250oC, 350oC and 450oC) (scale
bar, 500 nm).
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There are several advantages of this method including control of the crystal structure
of the wall during heating, there is precise control of pore size, and most importantly the
method has been demonstrated to work for synthesizing numerous mesoporous oxides. The
generality of the approach is illustrated for various oxide materials from different parts of the
periodic table which are shown in Figure 2.12 to 17 and Table 2.2. One TM from group IV
(Zr (UCT-17)), one TM from group V (Nb (UCT-35)), one post-TM (Sn (UCT-31)), one
lanthanide (Ce (UCT-16)), and one mixed metal (yttria stabilized zirconia (YSZ (UCT-53))
are used to demonstrate the generality of the approach. For the syntheses of mesoporous Si
and Zr alkoxide sources were used and chloride source was used in the Nb system. These data
suggest that the method is not limited only to nitrate sources. However, a sulfate source results
in cloudy gels or surfactant precipitation out of the gel. Since the main nitrate source is nitric
acid, enough nitrate is still present in the reaction gel when non-nitrate sources are used.
Different from the late transition metals (Mn, Fe and Co), the adsorbed NOx and carboxyl
species on the surface of as synthesized materials are not a concern for these systems, since
they do not have the possibility of forming multiple oxidation states. Therefore, these
materials were directly calcined at a target temperature for a certain time (see methods part).
All materials show characteristic one low-angle diffraction line, and the position of the line
shifts to lower angles with increased heat treatment temperature (Figure 2.12-17a and Table
2.2). Most samples show characteristic Type IV adsorption isotherms indicating the existence
of a mesoporous structure (Figure 2.12-17c). The obtained pore size distributions for these
materials are given in Table 2.2. Electron microscopy images suggest that the materials are
in the form of crystalline nano-particle aggregates, see supplementary Figure 2.12f (UCT17), Figure 2.14e (UCT-31), and Figure 2.15e (UCT-16).
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Figure 2.12 Characterization of mesoporous zirconium oxide. (a) Low and (b) High angle
PXRD patterns (c) N2 sorption isotherms and (d) BJH desorption pore size distributions of
mesoporous zirconium oxide (UCT-17) samples calcined at different temperatures (450, 500,
and 600oC). (e) Picture of assynthesized mesoporous zirconium oxide sample (before
calcination). (f) HR-TEM images of UCT-17 (600oC) sample (scale bar, 50, 20, 10, and 5 nm
from top left to bottom right respectively).
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Figure 2.13 Characterization of mesoporous niobium oxide. (a) Low and (b) High angle
PXRD patterns (c) N2 sorption isotherms, (d) BJH desorption pore size distribution, and (e)
FESEM images of mesoporous niobium oxide (UCT-35) sample calcined at 500oC (scale
bar, 2µm and 200 nm, from left to right respectively).
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Figure 2.14 Characterization of mesoporous tin oxide. (a) Low and (b) High angle PXRD
patterns (c) N2 sorption isotherms, (d) BJH desorption pore size distribution, and (e) FESEM
images of mesoporous tin oxide (UCT-31) sample calcined at 450oC for 3h (scale bar, 5µm,
500 nm, 200 nm, 100 nm, from top left to bottom right respectively.
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Figure 2.15 Characterization of mesoporous cerium oxide. (a) Low and (b) High angle
PXRD patterns (c) N2 sorption isotherms and (d) BJH desorption pore size distributions of
mesoporous cerium oxide (UCT-16) samples heated at different final temperatures. (e) HRTEM images of UCT-16 (450oC) sample (scale bar, 20 nm).
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Figure 2.17 Characterization of mesoporous yttria stabilized zirconia (YSZ). (a) Low
and (b) High angle PXRD patterns (c) N2 sorption isotherm and (d) BJH desorption pore
size distribution of mesoporous yttria stabilized zirconi (UCT-53) sample calcined at 700oC.
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2.3.3 Nanocasting
One of the important applications of mesoporous materials with different
mesostructure and mesoporosity is their use as a hard template (nano-casting) for the synthesis
of mesoporous carbon materials 27-29. Porous carbon materials have been used in a variety of
fields such as electrode materials, fuel cell electrodes, capacitors, separation, and catalysis 28,
29

. Moreover, the entire process also gives vital information about the nature of the

mesoporous template 28. For example, preserving the mesoporosity of the synthesized carbon
materials by nano-casting depends on the existence of interconnecting channels in the
templated porous material 28. Figure 2.18 shows the schematic description of the nanocasting
approach along with the low angle PXRD diffractions and pore size distributions of the
mesoporous silica template (UCT-14) and carbon material (UCT-33). The formed carbon
materials preserve the mesoporosity and mesostructure indicating the existence of
interconnecting channels in synthesized UCT mesoporous materials.
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Figure 2.18 Illustration of the formation mechanism of mesoporous carbon (Meso-C) by
nanocasting microporous silica (Meso-Si) along with low-angle PXRD and pore-size
distribution graphs.

2.3.4 Bi-functional catalysis (oxidation of 1-decanol & esterification)
UCT materials also show excellent catalytic activities and stabilities in various
reactions and Fig. 5b illustrate one of these. Mesoporous manganese oxide (UCT-1) and Cs
promoted mesoporous manganese oxide (UCT-18-Cs) were used to oxidize an aliphatic
alcohol (1-decanol) twice (first to 1-decanal and then to decanoic acid) and then to decanoic
acid ester (decyl decanoate) by esterification reactions under mild reaction conditions (under
Air reflux). The first two reactions show the oxidation power of the catalyst. Oxidation of
aliphatic alcohols to carboxylic acids can only be done in the presence of strong oxidants
(peroxide or molecular O2 under high pressure) and mostly with noble metal catalysts

30, 31

.

The second reaction shows the basic nature of the catalyst 30, 32. To date such a set of reactions
have not been observed with TM oxide catalysts and with these mild conditions (air as oxidant,
and under ambient pressure). Table 3.3 shows the conversions and selectivities to three
products. The mesoporous manganese oxide (UCT-1) shows a relatively high conversion (as
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high as 22%) and selectivity towards 1-decanal (100%), however its non-porous counterpart
(commercial Mn2O3) shows no activity for 1-decanol oxidation. When compared to ion
promoted state of art manganese oxides catalysts (OMS-2 and amorphous manganese oxide),
UCT-1 still is more active for 1-decanol oxidation (Figure 2.19). Ion (Cs) promoted
mesoporous manganese oxide (UCT-18-Cs) showed the best activity among the catalysts
tested and conversion reached 53% with a decyl decanoate selectivity of 23 % (and 76 %
decanoic acid). The other ion promoted manganese oxide catalysts (OMS-2 and amorphous
manganese oxide) can only do a one step oxidation to aldehyde however UCT-18-Cs can
oxidize 1-decanol first to 1-decanal and then to decanoic acid. Then, decanoic acid converts
to decyl decanoate by esterification reactions between decanoic acid and 1-decanol.

Figure 2.19 Reaction pathway of double oxidation of 1-decanol to decanoic acid, and then
followed by an esterification reaction between 1-decanol and in-situ-formed decanoic acid to
form decyl decanoate with mesoporous manganese oxide samples (Meso-Mn-250 and MesoCs[Mn-250]), OMS-2, amorphous manganese oxide and commercial Mn2O3.
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Table 2.3 1-decanol conversion and selectivity for double oxidation and esterification
reaction.
Catalyst

Conversion
(%)

Selectivity (%)
1-Decanal
Decanoic
Decyl
Acid
Decanoate

UCT-18-Cs

53
22

1
100

76
-

23
-

10

100

-

-

19

100

-

-

0

-

-

-

UCT-1
K-OMS-2
Amorphous Manganese
Oxide
Commercial Mn2O3
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2.4 Discussion
2.4.1 Control of Thermodynamic Parameters
The hypothesis is that careful control of the reaction medium and reagents allows
preparation of well-ordered crystalline transition metal oxide materials that are markedly
different from the traditional silica based synthetic routes and original mechanisms ((S+,I-; SI+; S+X-I+; S-X+I-) proposed in the literature

6-9

. Silica has limited structures under normal

mesoporous synthetic conditions whereas transition metal oxides are well known to have
multiple structures in the temperature range of 25oC to 800oC 10. There should be other general
synthetic mechanisms to prepare mesoporous transition metal oxide materials than traditional
routes. In these syntheses, the effect of key thermodynamic parameters ΔGinter (everything is
in the micelle) and ΔGsol (no solvent effects in the inverse micelle) are minimized. In addition,
ΔGI is controlled by carrying out the entire reaction in inverse micelles and unique NOx
chemistry and ΔGorg is adjusted with NO3- and 1-butanol. The materials synthesized with the
approach results in mesoporous materials that have markedly different structural properties
than the materials prepared by traditional approaches. According to our model the low-angle
peak position correspond to the average sizes of the building blocks (nano particles) and the
mesopores are formed by connected intra particle voids. Therefore, unit cell expansion during
heat treatment means an increase in nano particle size (probably, nano particles sinter to form
bigger ones) so as the size of intra particle voids (mesopores). We are not aware of this
phenomenon previously being observed for reported mesoporous materials. Unlike UCT
materials, mesopores contract upon heat treatment (calcination) in conventional mesoporous
materials due to further condensation of mesopore walls. The exact position of the low-angle
peak depends on the heating temperature and time and material being studied.
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2.4.2 The Formation Mechanism of Mesoporous Materials
A proposed formation mechanism of the ordered mesopores is shown in Figure 2.20
First, metal precursor loaded inverse micelles are packed on solvent removal; packing is
followed by oxidation and condensation of the metal precursors in the micelles. Finally, the
surfactants are washed off and surface NOx and carboxyl species are removed at 150oC for 12
h followed by a second heating step at 250oC for 1-4 h. Mesopores merge to form larger
ordered mesoporous materials during the heating cycles. The crystalline walls are made up of
nanoparticles of metal oxides that order as observed by PXRD, HR-TEM, and electron
diffraction (ED) methods. Meso-order (low angle PXRD) and mesoporosity (Type IV
adsorption isotherms) are both formed by packing of nano oxide particles. The mesopores are
the intra-connecting voids formed in between randomly packed nano-crystals. Formation of
microporosity and mesoporosity by aggregation of colloidal nano particles or using these
materials for nano-casting has previously been observed 26.
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Figure 2.20 Proposed formation mechanism of inverse micelle-templated mesoporous
materials. Formed inverse micelles are packed and then inorganic component is condensed
and oxidized. Surfactants are removed by ethanol washing (solvent extraction) and adsorbed
species (NOx and COO_) are removed by a heat treatment at 150 _C (12 h).
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2.5 Conclusion
In summary, a novel approach for the synthesis of mesoporous metal oxides has been
introduced first time. The approach allow one to synthesize mesoporous materials from
different parts of the periodic table. There are several advantages of the approach over
traditional methods which are: H is not a concern, in principle the method is applicable to all
TMs, gel aging is not required, various crystal structures can be formed, thickness of walls
can be controlled (by controlling the size of nano particles), and this is the first time pore
expansion on heat treatment of MTMO materials has been observed. Over 60 new University
of Connecticut (UCT) mesoporous materials with tunable porosity and crystallinity have been
synthesized with the current approach. These UCT mesoporous materials have unique
stability, structural, and porous properties that can readily be tailored for different
applications.
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Chapter 3: Tungsten Promoted Mesoporous Group 4 (Ti, Zr, & Hf) Transition Metal
Oxides for Room Temperature, Solvent Free Acetalization and Ketalization Reactions
3.1 Introduction
High surface area, open framework materials with tunable and monomodal
mesoporosity are known to be very promising in catalysis. They have been shown to perform
better than their non-porous counterparts as heterogeneous catalysts in many reactions due to
their nano-crystalline nature, high surface area and pore volume1–6. More specifically, their
use as solid acid catalysts has recently attracted significant attention due to potential use in
industrial biomass conversion, biodiesel production, and value added platform chemical
synthesis from renewable resources7–12. Current homogeneous mineral acids (i.e. H2SO4, HCl,
TiCl4) have known corrosion, recycling, and separation problems. Therefore, an
environmentally friendly heterogeneous acid catalyst design is a prospective emerging
field13,14. The designed mesoporous solid acid catalysts are desired for their structural stability
and tunable acidic parameters such as number, type (Brønsted or Lewis), and strength of acid
sites7,8,14–16.
The generic approach for the design is promoting and forming acid sites on the internal
mesopore surface by either creating a charge imbalance in the structure or grafting acidic
groups on the internal mesopore surface5,6,14–18. The promoter can be an organic group such
as carboxyl, sulfate, and phosphate or an inorganic atom as dopant or an oxide cluster planted
on the surface such as oxides of tungsten, aluminum, and tin

7,14–16,18–22

. The acid sites are

either the electron deficient metal centers (Lewis acid sites) or the hydroxyl groups attached
to the metal center (Bronsted acid sites). The most studied and promising oxides for the

58

synthesis of mesoporous solid acid catalysts are those based on silicon, titanium, zirconium,
or tin.
Acetalization of aldehydes to acetals and ketalization of ketones to ketals from
alcohols or diols are two important acid catalyzed reactions. These reactions are widely used
in organic chemistry for protecting carbonyl groups, since formed acetals and ketals show
high stability under basic conditions, Grignard reagents, metal hydrides, oxidants,
bromination, and esterification23. Ketals and acetals are also used in the fragrance, cosmetics,
food, and beverage industries 24–27. These reactions are generally performed by homogeneous
mineral acids such as HCl, H3PO4, and H2SO428. In addition, the reactions are predicted to
have potential use in the synthesis of glycerol based direct fuel additives29–32. Since glycerol
is a side product of biodiesel production, this material should be available in large amounts in
the near future. Therefore, there is a growing interest in the use of glycerol in acetalization
reactions to produce value added chemicals and fuel additives

29–32

. Various heterogeneous

acid catalysts have been tested for these reactions and they have shown good activities under
water free conditions, some of which are bismuth subnitrate, functionalized mesoporous silica,
zeolites, aluminum triflate, promoted oxides (i.e. sulfate, tungsten, molybdenum), ionic
liquids, and metal (IV) phosphates 17,22,25–27,29–36.
In this chapter of the thesis we discuss synthesis of novel tungsten promoted
mesoporous titania, hafnia, and zirconia catalysts and their catalytic performance in solvent
free, room temperature (RT) acetalization and ketalization reactions. These mesoporous
catalysts are members of the recently discovered University of Connecticut (UCT)
mesoporous materials family37. Syntheses of mesoporous tungsten promoted titania (UCT-
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55), zirconia (UCT-50), and hafnia (UCT-56) and their catalytic performances are discussed
for the first time in this thesis.
3.2 Experimental Section
3.2.1 Chemicals
Titanium (IV) Isopropoxide (97+ %) was purchased from Alfa Aesar. Benazaldehyde
(98 %) was purchased from Baker and Adamson. Ammonium Metatungstate Hydrate (≥99.0
%) and Acetophenone (≥ 99.0 %) were purchased from Fluka. Methyl Alcohol Anhydrous
(98.8 %) was purchased from Acros. Phenylacetaldehyde (≥ 90 %) and Phenylacetaldehyde
Dimethyl Acetal (98+ %) were purchased from SACF. Zirconium (IV) Butoxide (80% wt in
1-butanol), Hafnium (IV) Chloride (98 %), Poly (ethylene glycol)- block- Poly(propylene
glycol)-block-Poly(ethylene glycol) PEO20-PPO70-PEO20 (Pluronic P123), Cyclohexanone (≥
99.5 %), (1,1-Dimethoxy-ethyl) Benzene (97 %), Benzaldehyde Dimethyl Acetal (99 %),
Cyclohexanone Dimethyl Ketal (99 %), Nitric acid (70 %), and Trans-Cinnamonaldehyde (≥
99 %) were purchased from Sigma-Aldrich.
3.2.2 Materials Synthesis
Tungsten promoted University of Connecticut (UCT) mesoporous materials were
synthesized by the following procedure: 0.02 mol of the transition metal source (0.01 mol for
HfCl4) was dissolved in 14 g (0.19 mol) of n-butanol. To this solution 2.5 g (4.3x10-4 mol) of
Pluronic P123 and 2.5 g of Nitric acid were added and stirred at room temperature to obtain a
transparent gel (in a 150 mL beaker). For the titania system, nitric acid was diluted first in nbutanol (3-5 mL) before being adding to the gel. In another container, ammonium
metatungstate solution was prepared by dissolving a certain amount of metatungstate salt in a
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2.5 g ethanol+ 2.5 g (DDI) water solution (3 g +3 g for W loadings higher than 10%) to form
a clear solution. The tungsten amounts are 0, 5, 10, 20, and 30 mol % (W mol amount with
respect to TM, molW/molTM*100). The formed solution was then added to the abovementioned transparent gels under vigorous magnetic stirring at RT. Upon addition of tungsten
solution, the gels immediately turned opaque and became viscous. The formed opaque gel
was further stirred for another 30 min and then placed in an oven running at 120 0C for 5-6 h.
The obtained white material was calcined in an oven at 6000C for 1 h with a heating rate of
20C/min. The formed brittle material was ground and labeled as X%W-Y, where X is 5, 10,
20, or 30 depending on the percent of tungsten loaded and Y is Ti, Zr, or Hf depending on the
TM used. In addition, well known solid acid sulfated-zirconia (S-Zr) and sulfated-titania (STi) catalysts were synthesized following the procedure of Corma et al19.
3.2.3 Materials Characterization
Low-angle and wide-angle Powder X-Ray diffraction (PXRD) analyses were
performed on a Rigaku Ultima IV diffractometer (Cu Kα radiation, λ=1.5406 A) with an
operating voltage of 40 kV and a current of 44 mA. N2 sorption experiments were conducted
on a Quantachrome Autosorb-1-1C automated adsorption system. The powders were degassed
for 4 h at 250oC prior to measurement. High-resolution transmission electron microscopy
(HRTEM) images of the mesoporous materials were recorded on a JEOL 2010 FasTEM
microscope equipped with an EDS detector operating at 200 kV. X-ray photoelectron
spectroscopy (XPS) studies were performed on a PHI model 590 spectrometer using Al Kα
(λ=1486.6eV) radiation operating with an accelerating voltage of 12.5 kV. The powder
samples were pressed onto a carbon tape and mounted on a sample rod. Charging effects were
corrected by adjusting the binding energy of C 1s to 284.6 eV. Pyridine adsorption studies
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were performed with 13 mm diameter self-supporting pellets. The powders were hydrated
overnight prior to pellet preparation. The pellets were cleaned in a tubular furnace at 250 0C
for 2 h under dry air flow. 1 M pyridine solution in methanol was dropped on pellets and
physisorbed pyridine was removed in a tubular furnace running at 200 0C for 90 min under
dry air flow. FTIR spectra of the pellets were collected using a Thermoscientific Nicolet 8700
spectrometer equipped with an MCT/A detector. Sixty four scans were collected with a 4 cm1

spectral resolution in the absorbance mode. The number of Brønsted acid sites was

determined via a titration experiment, which involved ion-exchange between H+ and Na+
followed by titration to pH 7 with an NaOH solution

38

. Raman spectra of powder samples

were collected with a Thermoscientific NXR FT-Raman Module with a semiconductor laser
operating at 976 nm (1.002 W) and equipped with an InGAs detector.
3.2.4 Catalytic Activity Measurements
The catalytic activity of the tungsten promoted solid acids was tested for acetalization
(of aldehydes) and ketalization (of ketones) with methanol. All reactions were performed
under solvent free conditions and in the dark. Reactants, catalysts and a magnetic stirring bar
were put in a sealed vial. Then, the vial was placed in the reactor. The temperature of the
reactor was measured with a thermometer placed in oil with the vial also being covered in oil
to ensure the homogeneous temperature distribution throughout the reaction. In a typical
reaction procedure, 5 mL (0.123 mol) of anhydrous methanol, 0.05-0.1 mmol substrate
(aldehyde or ketone), and 25 mg of catalyst were put in a glass vial. The vial was then placed
into the reaction setup and stirred throughout the reaction. The products were confirmed with
a GC (HP 5890 series II) equipped with a DB-17MS capillary column (20.0 m x 180 µm x
0.18 µm) and mass selective detector (5971 series). For the quantitative analysis (yield and
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conversion) an HP 5890 series II GC system equipped with a MTX-biodiesel TG w/IntegraGap capillary column (14.0 m x 530 µm x 0.16 µm) and FID detector was used.
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3.3 Results
3.3.1 Physicochemical properties of 10% Tungsten promoted mesoporous group 4 metal
oxides:
Tungsten promoted oxides are well known active, green, and strong acid catalysts 38–
43

. The acidic power originates from well dispersed nano-WOx clusters7,41–43. In short, the

nano-WOx clusters pull the electron density from the support and create electron deficient
Lewis sites (on the M4+ center) and hydroxyl groups on the support behave as Brønsted acid
sites. Tungsten promoted solid acids are generally prepared by co-precipitation or
impregnation on oxides or hydroxides

7,18,40–44

. The maximum catalytic activity is generally

obtained after a high temperature heat treatment (600- 800oC). Since traditional mesoporous
materials generally do not have high thermal stabilities, the synthesis of mesoporous solid
acids with thermally stable mesoporosity has been a challenge until now. Recently discovered
University of Connecticut (UCT) mesoporous materials have overcome this problem and one
can synthesize thermally stable regular mesoporous mixed oxides with a simple one step
synthesis37. UCT materials are formed by the packing of monodispersed nano-particles in a
random fashion. The formed mesopores are a network of connected intraparticle voids.
Therefore, a typical UCT material can be characterized by one low-angle PXRD diffraction
indicating the size of the building blocks (nano-particles) and a Type IV adsorption isotherm
indicating a regular mesoporous structure.
Figure 3.1A shows the low angle PXRD patterns of 10%W promoted mesoporous Ti,
Zr, and Hf samples. All samples show a characteristic one low angle diffraction line indicating
a regular mesostructure. The positions of the low-angle diffraction lines are given in Table
3.1 (column L), the peak position is 12.6 nm for both 10%W-Ti and 10%W-Zr; and 10.3 nm
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for 10%W-Hf. The wide-angle PXRD patterns of these samples show no tungsten related
diffraction lines suggesting a well dispersed, nano-crystalline nature of the formed tungsten
oxide clusters (WOx) (Figure 3.2). The crystal structures of the supports (group 4 TMs) are
given in Table 3.1; titania has anatase, zirconia has a mixture of monoclinic (m) and tetragonal
(t), and hafnia has monoclinic phases. The diffraction lines of the TM supports are broad and
have low intensities suggesting that the TM supports have nano-crystalline domains.
Calculated Scherrer crystallite sizes are very small which correlate with the nano-crystalline
nature of these materials (Table 3.1). All samples also have a Type IV N2 adsorption isotherm
along with a Type I hysteresis loop indicating a regular cylindrical mesoporous structure
(Figure 3.1B). BJH desorption pore size distributions are 5.6 nm for the 10%W-Ti & 10%WZr and 3.8 nm for the 10%W-Hf sample (Figure 3.1C and Table 3.1). The 10%W-Ti sample
has a bigger N2 uptake in the 0.4-0.8 (P/P0) region than other samples which indicates a higher
mesopore volume than other tungsten promoted TMs (Figure 3.1B). The mesopore volume
for the 10%W-Ti sample is 23 cc/g, whereas the pore volumes of the 10%W-Zr and 10%WHf samples are 0.15 cc/g and 0.09 cc/g respectively. The types and relative ratios of acid sites
on the tungsten promoted mesoporous samples were determined by pyridine adsorption
experiments, which are widely used methods for the characterization of acid sites on
heterogeneous solid acid catalysts22,30,45. Figure 3.1D shows FTIR spectra of pyridine
adsorbed tungsten promoted mesoporous samples at room temperature. In the figure, pyridine
adsorbed on Brønsted acid sites (1536 cm-1 and 1640 cm-1) is labeled as (B) , pyridine
adsorbed on Lewis acid sites (1445 cm-1 and 1608 cm-1) is labeled as (L) and the absorbance
at 1488 cm-1 is assigned to pyridine on both Brønsted and Lewis acid sites (B+L) 22,30. All
tungsten promoted mesoporous materials contain both Brønsted and Lewis acid sites together,
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however the 10%W-Ti sample contains relatively more Brønsted acid sites. The assumption
of the change of the relative ratio of acid types is based on the fact that the extinction
coefficients of pyridine adsorbed on Lewis or Brønsted acid sites are surface independent and
intrinsic to pyridine45.
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Figure 3.1 (A) Low-angle PXRD, (B) N2 sorption isotherms, (C) BJH Desorption pore size
distributions, (D) FTIR spectra of adsorbed pyridine on 10%W-Ti, 10%W-Zr, and 10%W-Hf
samples (Lewis acid sites indicated by L and Brønsted acid sites indicated by B), and (E) HRTEM images of 10%W-Ti.
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Table 3.1 Surface area (SBET), BJH desorption pore size distribution (P), BJH desorption pore
volume (V), low-angle PXRD peak position (L), Scherrer crystallite size (D), and crystal
structure of the mesoporous support.
Catalysts
Ti
5%W-Ti
10%W-Ti
20%W-Ti
30%W-Ti
10%W-Hf
10%W-Zr

SBET
P
(m2/g) (nm)
77
5.9
116
6.1
121
5.7
118
5.7
122
5.5
39
5.6
98
3.8

V
(cc/g)
0.17
0.24
0.23
0.24
0.20
0.09
0.15

L
(nm)
NA
12.6
12.6
12.6
12.4
10.3
12.6

D
(nm)
8.5
6.2
5.7
4.4
2.5
1.0
2.7

Crystal Structure
TiO2 (Anatase)
TiO2 (Anatase)
TiO2 (Anatase)
TiO2 (Anatase)
TiO2 (Anatase)
HfO2 (Monoclinic)
ZrO2 (Tetragonal &
Monoclinic)

Figure 3.2 Wide-angle PXRD patterns of 0% W-Zr, 10% W-Zr, 10% W-Hf, and WO3.
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High resolution TEM (HR-TEM) images of the tungsten promoted oxides are given in
Figure 3.1E (10%W-Ti) and Figure 3.3 (10%W-Zr and 10%W-Hf). Low magnification
images show typical characteristics of UCT materials, i.e., aggregates of monodispersed
particles. High magnification images suggest a particle size around ~ 11 nm, which is very
close to the positions of the low-angle PXRD diffraction lines. No crystalline tungsten oxide
is observed with TEM analyses. However, EDAX mapping analyses suggest a homogeneous
distribution of tungsten over the entire sample. The difficulty of imaging tungsten nanoclusters (WOx) on zirconia supports due to a lack of contrast between the atomic tungsten
species and the oxide support was discussed previously by several researchers 40,42,46. In these
studies, high-angle annular dark-field imaging (HADDF-STEM) and energy filtered TEM
(EF-TEM) techniques were used for the detection of WOx clusters 42,46. Black spots (<1 nm)
on the titania nano-particles (Figure 3.1E) need to be discussed. The spots are believed to be
nano-WOx clusters (see section 3.2.1 Physicochemical Characterization). 10%W-Zr and
10%W-Hf do not show these types of spots and the investigated lattice fringes can be indexed
to diffraction lines of the supports (Figure 3.3).
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Figure 3.3 HR-TEM images of (A) 10% W-Zr (m stands for monoclinic phase and t stands
for tetragonal phase) and (B) 10% W-Hf.

70

3.3.2 Initial catalytic results:
Initial catalytic performances of 10% tungsten promoted mesoporous group 4 TMs
were evaluated for cinnamaldehyde acetalization with methanol at RT (Figure 3.4). Among
the tungsten promoted mesoporous samples, 10%W-Ti shows the best performance with the
conversion reaching as high as 92 % in as short as 15 min at room temperature. 10%W-Hf
also shows a high activity and the conversion reaches 90% in 4 hours. 10%W-Zr shows
relatively lower activity and the conversion barely reaches ~60 % in 8 h. All reaction mixtures
were additionally analyzed by GC-MS and no other products were found other than
cinnamaldehyde and cinnamaldehyde dimethyl acetal, indicating the high selectivity of
tungsten promoted mesoporous samples.

Figure 3.4 Conversions of 10%W-Ti, 10%W-Zr, and 10%W-Hf catalyzed cinnamaldehyde
acetelization with methanol at RT.
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3.3.3 Physicochemical Properties of Tungsten promoted mesoporous titania
Superior catalytic performance of tungsten promoted mesoporous titania (10%W-Ti)
over other tungsten promoted group 4 TMs (10%W-Zr and 10%W-Hf) for acetalization of
cinnamaldehyde encouraged us to focus more on the preparation of tungsten promoted titania
with various tungsten loadings. Therefore, X%W-Ti samples were prepared, where X is 0, 5,
10, 20, and 30. All titania samples except the bare titania sample (0%W-Ti) show one low
angle diffraction line, suggesting an ordered mesostructure (Figure 3.5A) with the peak
position being around ~12.6 nm for all diffracting samples. In the absence of tungsten
promotion (0%W-Ti), the bare titania does not preserve the mesostructure after a calcination
at 6000C. Therefore, a control experiment was conducted by calcining the 0%W-Ti sample at
lower temperatures (4500C for 4 h). The 0%W-Ti sample, calcined at 4500C, has a low angle
diffraction line of 8.8 nm and mesopore size of 3.4 nm.
The unit cell expansion with heat treatment temperature and duration are unique structural
properties of UCT materials. Most likely, nano-WOx clusters prevent further sintering of
titania nano-particles and preserve the mesostructure at elevated temperatures (600oC). All
tungsten promoted titania samples have the anatase crystal structure regardless of tungsten
loading. However, PXRD lines get broader and lose intensity with increased tungsten loading
(Figure 3.5B). The crystal growth hindering property of WOx clusters on titania has been
reported several times in different tungsten promoted titania systems44,47–49. Existence of
tungsten can hinder the crystal growth by either framework substitution due to almost identical
ionic sizes or accumulation at grain boundaries

47,49

. The Scherrer crystallite size constantly

decreases upon increasing tungsten amounts (Table 3.1). The crystallite size drops from 8.5
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nm (0%W-Ti) to 2.5 nm (30%W-Ti). There are no distinct tungsten oxide related diffraction
lines observed during PXRD analyses, however at high tungsten loadings (20% and 30%
loadings) a broad peak merges as a shoulder on the anatase (101) diffraction line. The broad
peak is believed to be WO3, since tungsten oxide has its three most intense diffraction lines
((002), (020), and (200)) in this region. All tungsten promoted titania samples exhibit typical
mesoporous features in N2 sorption experiments (Figure 3.5C). All samples have a Type IV
adsorption isotherm indicating a regular mesoporous structure, followed by a Type I hysteresis
loop suggesting a regular cylindrical mesopore structure. BJH desorption pore sizes are 4.0,
6.1, 5.7, 5.7, and 5.5 nm for X%W-Ti samples with increasing X (from 0 to 30) (Figure 3.5D
and Table 3.1). The pore size first increased to 6.1 nm and then gradually decreased to 5.5
nm with increased tungsten loading. Despite the bare titania sample (0%W-Ti) showing an
average pore size distribution of 4.0 nm, the overall intensity (pore volume) is very low
compared to the tungsten promoted samples. The low porosity of 0%W-Ti sample also yields
a relatively low BET surface area (77 m2/g) as compared to the tungsten promoted titania
samples (> 116 m2/g) (Table 3.1).
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Figure 3.5 (A) Low-angle PXRD, (B) Wide-angle PXRD, (C) N2 sorption isotherms, and (D)
BJH Desorption pore size distributions of X%W-Ti samples (X= 0 , 5, 10, 20, 20), * indicates
the positions of the standard diffraction lines of WO3.

3.3.4 Spectroscopic Characterization of Tungsten promoted mesoporous titania
Vibrational spectroscopy is a vital technique for understanding the nature of tungsten
oxide clusters growing on oxide materials, since tungsten can form many different structures
on the template (such as polytungstate species, non-stoichiometric tungsten oxides, Td and
Oh coordination, multiple oxidation states etc.) depending on the preparation method,
calcination time and temperature49–52. All tungsten promoted mesoporous titania samples
show titania related vibrations at 146, 196, 396, 516, and 638 cm-1, which can be assigned to
the anatase crystal phase 50,53 (Figure 3.6A). The anatase peaks get broader and lose intensity
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with increasing tungsten loading which supports the previous argument about the crystal
growth hindrance property of nano-WOx clusters on titania. Decreased intensity and peak
broadening can be related to the decrease in crystallite sizes and (or) more amorphous nature
of titania in tungsten promoted samples. No distinct tungsten oxide peaks are encountered
during the analyses suggesting the existence of well dispersed nano-WOx clusters. However,
a new peak shows up at 984 cm-1 and gradually becomes more intense with increasing tungsten
loading. Therefore, we assigned this peak to well dispersed nano-WOx clusters sintered on
titania. An absorbance band at 984 cm-1 for tungsten oxide was not observed, but nano
tungsten clusters show absorbance bands in the 800- 1000 cm-1 region42,51.
At very high tungsten loadings (20% and 30%), another absorbance peak (785 cm-1)
emerges adjacent to the tail of the broad anatase absorbance peaks, which is assigned to a
WO3 absorbance mode. The most intense absorbance band of WO3 at 804 cm-1 shifts to lower
wavenumbers by getting a contribution from the tail of the anatase absorbance band at 638
cm-1. Nano tungsten oxide clusters growing on the titania or zirconia supports create Brønsted
acid sites on these surfaces48,52. Therefore, pyridine adsorption experiments were conducted
to see the changes in the relative amounts of Lewis and Brønsted acid sites by varying the
tungsten loading (Figure 3.6B). The pure titania sample (0%W-Ti) shows only Lewis acid
sites. After tungsten loading, the Brønsted acid related absorbance bands increase up to 10%
tungsten loading and show only slight changes for higher tungsten loadings. The number of
total Brønsted acid sites was also determined by titration experiments to confirm the increase
of the number of Brønsted acid sites. As in the pyridine adsorption studies, titration
experiments also show a large increase in the number of Brønsted acid sites up to 10%
tungsten loading and show minor changes with higher tungsten loadings.
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Figure 3.6 (A) Raman Spectra of X%W-Ti samples and (B) FTIR spectra of adsorbed pyridine
on X%W-Ti samples (Lewis acid sites indicated by L and Brønsted acid sites indicated by B).
(X= 0 , 5, 10, 20, 20).

For a deeper understanding of surface characteristics, XPS spectra were collected for
tungsten promoted titania samples and tungsten oxide (WO3) for comparison. Figure 3.7
shows the XPS spectra of Ti 2p (A), O 1s (B), and W 4f (C) regions. The Ti 2p region shows
a decrease in binding energy with increased tungsten loading from 0% to 10%, The Ti 2p3/2
binding energy decreases from 459.07 eV to 458.44 eV (Table 3.2). However, further
tungsten loadings shift the Ti 2p3/2 signal first to 458.61 eV (20%W-Ti) and then to 458.67 eV
(30%W-Ti) (Table 3.2). Furthermore, at high tungsten loadings (20% and 30%) the Ti 2p
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doublet signals become broader, suggesting a different chemical environment for Ti (Figure
3.7A). The increase and broadening can be attributed to either a strong interaction between
the tungsten clusters and the titania support or a framework replacement of Ti with W 42,44,50.
However, the replacement of Ti with W is unlikely, because replacing Ti with W creates a
charge imbalance yielding formation of oxygen vacancies, so one could expect an increase of
both O 1s and Ti 2p binding energies (BE) 48,50. Nevertheless, the O 1s signal moves to lower
BE upon tungsten loading (Figure 3.7B). The tungsten source is negatively charged
metatungstate (W12O408-) anion rather than a tungsten cation and incorporation of an
individual tungsten atom in the titania network is unlikely.
The O 1s signals for TiO2 (0%W-Ti) and WO3 are at 530.72 eV and 530.75 eV,
respectively (Table 3.2), which are in a good agreement with literature values54. Tungsten
promoted titania samples show broader O 1s signals and the signal gradually shifts to lower
BEs (529.85 eV for 10%W-Ti) and remains mostly the same for higher tungsten loadings
(Table 3.2). XPS signal broadening generally indicates that atoms are in more than one
chemical environment 50,51,55. The shift of the O 1s signal to a lower BE is due to an increase
of electron density on O. In the O 1s binding energy scale, the 527.7- 530.5 eV region
corresponds to a 2- formal charge on O54. Therefore, the decrease of the O 1s BE can be
attributed to the formation of Brønsted acid sites upon tungsten loading, since acidic protons
(H+) on the surface create a polarization and charge accumulation (to balance the surface
charge) on the surface oxygens. Figure 3.7C shows the W 4f BE region, an asymmetry can
be seen at low tungsten loadings due to the presence of the interfering Ti 3p signal in the same
region. Therefore, the spectra were deconvoluted for better evaluation of the W 4f BE region.
The overall line shape resembles WO3 with increasing tungsten loadings which suggests an
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increase of the surface concentration of tungsten. The BE of the W 4f7/2 signal is lower than
WO3 (35.84 eV) for all tungsten promoted samples. The W 4f7/2 BE decreases gradually from
35.84 eV to 35.4 eV while the tungsten loading increases from 0% to 30%. The decrease in
tungsten binding energy in supported systems is generally attributed to the partial reduction
of W6+ to W5+ or W-O-Ti bond formation (grafted tungsten clusters)51,52,56. Considering the
stronger acidic character of W6+, we assigned the shift to nano-WOx clusters well sintered on
the titania support. However, self-reduction under high vacuum by desorbing OH- or O2
should not be ruled out 57,58.

Figure 3.7 XPS spectra of (A) Ti 2p, (B) O 1s, and (C) W 4f binding energy regions for X%WTi samples, where X= 0, 5, 10, 20, and 30.
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Table 3.2 Ti 2p3/2, O 1s, and W 4f7/2 XPS binding energies (BE) of X% W-Ti (X=0, 5, 10, 20,
30) and WO3.

Ti 2p3/2

O 1s

W 4f7/2

BE (eV)

BE (eV)

BE (eV)

-

530.79

35.84

0%W-Ti

459.07

530.72

-

5%W-Ti

458.44

530.23

35.71

10%W-Ti

458.44

529.85

35.64

20%W-Ti

458.61

529.93

35.58

30%W-Ti

458.67

529.91

35.40

Catalyst
WO3

3.3.5 TEM Characterization of Tungsten promoted mesoporous titania
Formed WOx clusters on titania support were further investigated by HR-TEM
(Figure 3.8). The 0%W-Ti sample consists of crystalline and micron sized particles, rather
than a nano-particle aggregate (Figure 3.8A). The observed micron sized crystalline domains
are also in good agreement with the absence of a low angle diffraction line and low porosity
of the 0%W-Ti sample (Figure 3.5A, B, and C). HR-TEM images of tungsten promoted
samples show aggregated crystalline titania nano-particles (Figure 3.8B to D). No crystalline
tungsten oxide clusters are encountered throughout the analyses of all tungsten promoted
samples. During the HR-TEM analyses of X%W-Ti samples, black spots have been observed
on the titania support. In addition, the number and size of these black spots increase with
increased tungsten loading (Figure 3.8A to D). Some of the spots are shown by a white arrow
and white circles (for multiple spots in close proximity) in Figure 3.8.
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Despite the lack of direct evidence, the black spots are believed to be nano-WOx
clusters. Another observed change with increasing tungsten amount on the titania nanoparticles is the observation of defects on the surface (Figure 3.8A to D). At high tungsten
loadings (10-30%) the surfaces of titania nano-particles are more rough as compared to the
0%W-Ti sample which has a fairly smooth surface morphology.

Figure 3.8 HR-TEM images of (A) 0%W-Ti, (B) 5%W-Ti, (C) 20%W-Ti, and (D) 30%W-Ti
(The white curved arrow indicates the direction of increasing tungsten loading). White
arrows point to some of the nano-WOx clusters and white circles highlight the regions with
high numbers of nano-WOx clusters.
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3.3.6 Catalytic Studies:
3.3.6.1 Acetalization and Ketalization with tungsten promoted mesoporous oxides
Acetalization and ketalization of several aldehydes and ketones with MeOH at room
temperature (RT) were conducted by the tungsten promoted mesoporous oxides (Table 3.3).
Acetalization is known to be easier than ketalization due to double hydrogen bonding
activation25,59. Therefore, all tungsten promoted samples were first tested for acetalization of
aldehydes. All tungsten promoted mesoporous oxides show very high activity for acetalization
of benzaldehyde (Table 3.3, entry 1). The conversion of benzaldehyde reaches as high as 99%
with yields of >93%. Tungsten promoted titania (10, 20, 30%W-Ti) and hafnia (10%W-Hf)
were found to be more active than zirconia (10%W-Zr) for the reaction. The samples were
then tested for phenylacetaldehyde acetalization (entry 2). Acetalization of aliphatic aldehydes
is known to be more difficult than with aromatic or conjugated aldehydes. The most active
catalysts for the reaction are 20% and 30%W-Ti. The highest conversion obtained is 55%
(30%W-Ti) and the highest yield is 50% (20%W-Ti).Tungsten promoted zirconia (10%WZr) and hafnia (10%W-Hf) showed no activity for the reactions (Table 3.3, entry 2).
Cyclohexanone and acetophenone were used as substrates for the ketalization reactions with
methanol. Tungsten promoted zirconia (10%W-Zr) and hafnia (10%W-Hf) samples showed
no activity. The reactions were also conducted at higher temperatures (50 and 700C) with these
two catalysts, however no activity is observed for all temperatures studied. On the other hand,
all tungsten promoted titania (X%W-Ti) samples were found to be very active for
cyclohexanone ketalization, with > 96% conversions and > 90% yields (entry 3). For
acetophenone ketalization, the 20%W-Ti sample was found to be the most active catalyst
showing 37% conversion with 33% yield (entry 4). Tungsten promoted titania samples
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showed higher activity in all conducted acetalization and ketalization reactions. The 20%
tungsten loading is found to be the optimum tungsten amount for the mesoporous titania
support. Solvent free ketalization of ketones by methanol was previously studied by several
other researchers22,26,32,34. Water tolerant metal triflates (Al(OTf)3 and In(OTF)3), rare earthexchanged Mg-Y zeolites, and sulfated zirconia (S-Zr) were the catalysts in these studies. For
ketalization of cyclohexanone with methanol, Bradley et al. obtained an 80% yield with
Al(OTf)3 and Smith et al. obtained an 84% cyclohexanone dimethyl ketal yield with In(OTf)3
(both reactions at RT and 1 h)32,34. Sinhamahapatra et al. used S-Zr for ketalization of several
ketones with methanol at RT.22 Conversions of 97% and 85% were obtained for ketalization
of cyclohexanone and acetophenone, respectively. Thomas et al. tried several rare earthexchanged Mg-Y zeolites for ketalization of acetophenone with methanol. The highest
catalytic activity was obtained for Ce-Mg-Y (Ceria-exchanged zeolite) catalysts; 75%
conversion was obtained at 80oC after 10 h26.
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Table 3.3. Acetalization and Ketalization of various substrates with methanol over tungsten
promoted mesoporous catalysts.

O
R1

R2

O
R1

+ 2 eq MeOH

O + HO
2
R2

Time
Conversiona
Yielda (%)
(h)
(%)
0%W-Ti
2
70
66
1
O
5%W-Ti
2
81
74
O
O
10%W-Ti
2
99
91
20%W-Ti
2
99
93
30%W-Ti
2
99
94
10%W-Zr
2
75
62
10%W-Hf
2
97
95
O
0%W-Ti
4
0
0
2
O
O
5%W-Ti
4
3
<1
10%W-Ti
4
14
11
20%W-Ti
4
52
50
30%W-Ti
4
55
46
10%W-Zr
4
0
0
10%W-Hf
4
0
0
0%W-Ti
2
27
25
3
O
5%W-Ti
2
96
90
O
O
10%W-Ti
2
97
93
20%W-Ti
2
96
94
30%W-Ti
2
96
93
10%W-Zr
2
0
0
10%W-Hf
2
0
0
0%W-Ti
4
0
0
4
O
5%W-Ti
4
<1
0
O
10%W-Ti
4
29
28
O
20%W-Ti
4
37
33
30%W-Ti
4
14
10
10%W-Zr
4
0
0
10%W-Hf
4
0
0
Reaction conditions: 0.5 mmol substrate in 5 mL MeOH (0.1M), 25 mg of catalysts at
RT.
a. GC-FID yield.
Entry

Substrate

Product

Catalyst
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3.3.6.2 The effect of water (water toleration) and temperature
The mechanism of acetalization and ketalization has been investigated in several
studies and a two-step, reversible reaction mechanism has been proposed

25,26,59

. In the first

step, the adsorbed substrate is protonated and a hemiacetal is formed by the addition of one
alcohol and removal of one proton. In the second step, the formed hemiacetal is protonated
(rate determining step) and a water molecule is removed to form a cation26. The second step
is slow and requires a polar environment for the stabilization of the formed cationic hemiacetal
intermediate. Finally, the reaction is completed by the subtraction of one proton to form an
acetal or ketal26. One of the major concerns of this reaction is the water content in the reaction
media, which is a side product of the reaction. The formed water is accumulated on the catalyst
surface and is accepted as the major reason that stops the reaction 25,27,32,35.
Therefore, water is generally in situ removed from the reaction media (with a DeanStark apparatus). The effect of water on the ketalization of cyclohexanone was investigated
with the 10%W-Ti sample. Figure 3.9A shows the reaction yields for two different substrate
concentrations (0.1 and 0.2 M) at various water amounts (0 to 10 mmol). Despite the activity
slowly decreasing with increasing water amount, the catalyst still shows a decent activity even
with high water containing reactions. The 10%W-Ti catalyst gives 55% yield in the presence
of 10 mmol water. The amount of water added is 20 times the amount of substrate used (for
0.1 M substrate and 10 times for 0.2 M substrate concentration). For example, the reaction
performed with 0.5 mmol substrate produces 0.5 mmol water for the case of 100% conversion,
adding such an amount of water (0.5 mmol) at the beginning of the reaction decreased the
yield by only 4% (Figure 3.9A).
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Figure 3.9 (A) Effect of water content on cyclohexanone ketalization with 10%W-Ti catalyst
(0.5-1 mmol substrate in 5 mL MeOH (0.1-0.2M), 25 mg of catalysts, RT, 2h). (B) Effect of
temperature on phenyl acetaldehyde acetalization with X%W-Ti catalyst, where X=5, 10, 20,
30 (0.5 mmol substrate in 5 mL MeOH (0.1M), 25 mg of catalysts, RT-70 0C, 4h).

The effect of temperature was also investigated for the acetalization of
phenylacetaldehyde (Figure 7B). The reactions were chosen as the model reactions for the
investigation of the effect of temperature, since relatively low activity for the conversion of
the substrate can be enhanced with an increase of temperature (Table 3.3). The activity was
drastically enhanced for the acetalization of phenylacetaldehyde with increased temperature.
For example, the yield increased from 50% (at RT) to 93% (at 70 0C) for the 20%W-Ti
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catalyst. All tungsten promoted titania samples performed better at high reaction temperatures
for the acetalization reaction.
3.3.6.3 Catalyst recycle, amount and comparison with other heterogeneous acid catalysts
Cyclohexanone ketalization by the 10%W-Ti sample was used as the model reaction
for catalyst recycling and optimization studies (Figure 3.10A and B, respectively). The
10%W-Ti catalyst was recycled five times with almost no performance loss (~3-4%). The
used catalyst, after each reaction, was first washed with toluene several times to remove
adsorbed species and then with methanol, followed by a vacuum drying, and reactivation at
2500C for 10 min. Another recycle test was also performed by washing the used catalyst with
methanol only and reactivation at 2500C. The activity gradually decreased to 35% after the 4th
run (not shown). The reason for this is believed to be that washing only with methanol is not
enough to remove all adsorbed species and failing to remove all the species causes a decrease
in catalytic activity. Figure 3.10C shows the effect of the catalyst amount on conversions and
yields of cyclohexanone ketalization reaction with the 10%W-Ti catalyst. The catalyst shows
high conversions even at very low catalyst amounts, 81% conversion and 70% yield with 5
mg of catalyst. The conversion increases to 97% with 10 mg of 10%W-Ti catalyst. Further
increasing the catalyst amount does not change the conversion (96-97%). However, the yield
slowly decreases from 95% to 87% as the catalyst amount goes up from 10 to 50 mg. The
decrease of the yield is attributed to the adsorption of the ketal in the mesopores.
Finally, several commercial (Degussa (P25) & amberlyst-15) and non-commercial
(tungsten oxide (WO3), sulfated titania (S-Ti) & sulfated zirconia (S-Zr)) catalysts were tested
under the same reaction conditions for better performance evaluation of the tungstated
mesoporous catalysts. Figure 3.10C shows the catalytic performances of these catalysts along
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with the X%W-Ti catalysts for acetophenone ketalization with MeOH at RT. 10%W-Ti and
20%W-Ti showed the best performance for the reaction, giving yields of 28% and 33%,
respectively. S-Ti, S-Zr, and amberlyst-15 have relatively lower activity. However,
considering the well-known sulfate leaching problems for the sulfated catalysts and
recyclability problem of amberlyst 15, tungsten promoted mesoporous titania appears to be
better for these reactions.

Figure 3.10 (A) Catalyst recycle studies and (B) Effect of Catalyst amount on cyclohexanone
ketalization with 10%W-Ti catalyst (0.5 mmol substrate in 5 mL MeOH (0.1), 25 mg of
catalysts, RT, 2h). (C) Comparison of various heterogeneous commercial and non-commercial
catalysts for acetophenone ketalization (0.5 mmol substrate in 5 mL MeOH (0.1M), 25 mg of
catalysts, RT, 4 h).
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3.4 Discussion
3.4.1 Formation Mechanism of Tungstated Mesoporous Group 4 TMs
In this work, tungsten promoted mesoporous group 4 transition metal (TM) oxides
were prepared with the recently developed approach by using ammonium metatungstate as a
tungsten source. In general, the method uses inverse non-ionic surfactant micelles (P123) as
a soft template and the sol-gel process is controlled in acidic media (HNO3 + n-butanol) by
NOx chemistry. Thermal decomposition of nitrate ion forms a wide range of nitric oxides
generally referred to as NOx. The formed NOx is adsorbed on oxo-clusters to prevent
uncontrolled condensation and the decomposition of NOx species gradually increases the pH
to control the condensation of inorganic components37. The tungsten source is negatively
charged metatungstate and is introduced in an alcoholic solution (ethanol + water).
Introduction of the metatungstate solution to the acidic reaction gel (P123+ TM source, HNO3
+ n-butanol) resulted in a quick color change to opaque (white for high tungsten loadings) and
freezing of the gel. The formed frozen gels were further aged in an oven at 120oC for several
hours. The immediate gel freezing is attributed to a rapid combination of positively charged
TM sols and negatively charged metatungstate to form a rigid gel. The gel formation time
depends on the tungsten amount. The gel formation can take as long as 1 h for low tungsten
loadings (5%) and can be as quick as < 1 min for high tungsten loadings (30%). After aging
the gels in an oven (120oC), the organic components were removed by a calcination step at
600oC under air.
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3.4.2 Physicochemical Properties of Tungstated Mesoporous Group 4 TMs
The tungsten promoted mesoporous TM oxides demonstrate typical features of UCT
mesoporous materials. One low-angle diffraction line indicates a regular mesostructure and a
Type IV adsorption isotherm indicates a monomodal pore size distribution (Figure 3.1A, B
& 3.5A, C). The mesostructure is established by the randomly packed monodispersed nanoparticles. The position of the low angle diffraction line corresponds to the sizes of building
blocks (nano-particles) and the BJH pore size distributions give the average size of connected
intraparticle voids. The low angle diffraction line positions and mesopore sizes are
summarized in Table 3.1. Tungsten exists as well-sintered nano-clusters (< 1 nm) on the TM
supports as suggested by the spectroscopic characterization (Raman (Figure 3.6A) & XPS
(Figure 3.7)) and TEM analyses (Figure 3.8). The supported tungsten nano-clusters promote
the formation of acid sites, mostly Brønsted acid sites (Figure 3.1D). The titania support
shows the highest amount of Brønsted acid sites compared to zirconium and hafnium oxide
supports (Figure 3.1D). The bare titania sample (0%W-Ti) shows only Lewis acid sites.
Brønsted acid sites are formed and increase in number with increasing amount of tungsten
loading (0-30%). The tungsten clusters also hinder the crystal growth and stabilize the
mesostructure by preventing nano-particle sintering. Therefore, the promoted samples have
smaller Schrerrer crystallite sizes (broader PXRD lines) and the low-angle PXRD diffraction
line positions are increased suggesting smaller nano-particle sizes exist as compared to nonpromoted TM supports. Disappearance of the low angle diffraction line is generally observed
at high calcination temperatures and times due to sintering of nanoparticles to form bigger
aggregates. For example, the mesostructure of the 0%W-Ti sample collapses after calcination
at 600oC. On the other hand tungsten promoted titania samples preserve both the
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mesostructure and mesoporosity. The obtained porosity and surface area data are consistent
with the PXRD results and suggest that tungsten loading does not only prevent the crystal
growth of the template but also stabilizes the mesoporosity by preventing nanoparticle
sintering.
3.4.3 Acetalization and Ketalization
Acetalization

and

ketalization

of

several

aldehydes

(benzaldehyde,

cinnamonaldehyde, and phenyl acetaldeyde) and ketones (cyclohexanone and acetophenone)
with MeOH were conducted with the tungsten promoted mesoporous oxides (Table 3.3).
Among all of the 10%W promoted mesoporous group 4 TM oxides, titania is found to be the
most active support. For all catalytic reactions (regardless of substrate) the titania support
performed better than zirconia and hafnia supports. Strong adsorption of the substrates into
mesopores and protonation of adsorbed substrates to form hemiacetals are the key steps in
these reactions

25,26,59

. Therefore, the high activity of tungsten promoted titania (X%W-Ti)

samples is attributed to relatively higher Brønsted acidity (Figure 3.6B) promoted by nanoWOx clusters and high adsorption capacity of regular mesopores. High adsorption capacity of
these samples is also believed to be the reason for retaining catalytic activity in the presence
of water (Figure 3.9A). As discussed in several studies, water in the reaction media competes
with substrates and is adsorbed on the catalyst surface which decreases the catalytic activity
25,26,30

. High adsorption capacity of mesoporous materials is a well-known property of

mesoporous materials. Despite the above-mentioned advantages of mesoporosity of X%W-Ti
samples for these reactions, adsorbed species (reactant, intermediate, and products) can also
be a limiting factor. For example, in catalyst amount studies (Figure 3.10B), the yield of
cyclohexanone dimethyl ketal decreases from 95% to 87% with an increasing catalyst amount

90

from 10 to 50 mg, despite the conversion remaining same (~97%). Probably the ketal product
is adsorbed in the mesopores of the catalyst. The same conclusion can also be derived from
catalyst recycle studies (Figure 3.10A).
The catalytic performance can only be restored after a toluene washing to remove adsorbed
species. Failure to remove adsorbed species (methanol only washing) decreases the catalytic
performance of the recycled catalyst. In order to investigate the adsorbed species on the used
catalyst of the cyclohexanone ketalization reaction was analyzed by Direct Analysis in Real
Time Mass Spectroscopy (DART-MS). The results were too complicated to reach a
conclusion about the adsorbed species, but the spectrum was also different than the substrate
and product, possibly indicating adsorbed intermediates (like hemiacetals) along with
reactants and products. The high adsorption capacity of the tungsten promoted catalyst is also
believed to be the reason for both the conversion yield difference (Table 3.3) and the major
limiting factor stopping the reaction for certain substrates.
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3.5 Conclusion:
In summary, tungsten loaded mesoporous titania (UCT-55), zirconia (UCT-50), and
hafnia (UCT-56) were synthesized using the novel one step University of Connecticut (UCT)
approach. The materials demonstrate the typical features of UCT materials, having one low
angle diffraction line which indicates the nano-particle size (10.3-12.6 nm) and Type IV
sorption isotherms with pore sizes ranging from 3.8 to 6.1 nm. The nano-particles are
crystalline and the Scherrer crystalline sizes depend on the tungsten loading. The crystallite
size decreases gradually from 8.5 to 2.5 nm with increasing tungsten loading from 0 to 30%.
Cinnamonaldehyde acetalization results suggest the order of activity among the mesoporous
supports is Ti>Hf>Zr. The tungsten exists as very small (< 1 nm) clusters well dispersed on
the TM support. The clusters are responsible for enhanced acidic properties by promoting the
formation of Brønsted acid sites. The catalytic activities of these materials give high yields
and conversions for acetalization and ketalization of several aldehydes and ketones at RT
under solvent free conditions. The optimum tungsten loading is found to be 20% (w.r.t Ti) for
UCT-55. The tungsten promoted samples were found to tolerate small amounts of water (00.1 mmol) for ketalization of cyclohexanone. The recycled tungsten promoted titania catalyst
(10%W-Ti) showed a high activity with a minor performance loss (~3-4 %) after several
cycles. After testing several commercial and non-commercial catalysts under the same
reaction conditions, the high activity for UCT materials clearly shows the significance and
novelty of the tungsten loaded group 4 metal oxides.
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Chapter 4: Crystalline Mesoporous K2-xMn8O16 (K-OMS-2) and ɛ-MnO2 by Mild
Transformations of Amorphous Mesoporous Manganese Oxide and Their Enhanced
Redox Properties.
4.1 Introduction
Nanocrystalline and monomodal pore size multivalent mesoporous transition metal
oxides (MTMOs) have attracted much attention in the past two decades and have been the
subject of thousands of research studies. The interest in multivalent MTMOs originates from
their catalytic, electronic, sorption, and magnetic properties which are superior to those of
their non-porous counterparts1–9. However, due to synthetic limitations in sol-gel chemistry
of TMs, multivalent MTMOs (i.e. Fe, Mn, and Co) can only be synthesized with a limited
(usually one) number of crystal phases2,4,7,10–14. The lack of available precursors, filled or halffilled d orbitals, and weak surfactant TM sol interactions are the major limiting factors. These
factors limit the potential use of mesoporous MTMOs for various applications, since their
versatility arises from the numerous oxide structures, polymorphs, and stable oxidation
states15–22. The situation is more complicated for manganese oxides. In addition to
thermodynamically stable major Mn2O3 (Bixybyite, Mn=3+), Mn3O4 (Hausmannite, Mn=2+
& 3+), and β-MnO2 (Mn=4+) phases, there are also many other oxide structures (i.e. Mn5O8
& MnO), polymorphs of MnO2 (α-, β-, γ-, δ-, ɛ-, and λ-), and cation stabilized octahedral
coordinated microporous manganese oxides (octahedral molecular sieves, OMS)23–27. Thus
far, ordered mesoporous manganese oxides have only been synthesized with Mn2O3
(Bixybyite) or Mn3O4 (Hausmannite) phases by direct sol-gel methods2,12. Other phases such
as K2-xMn8O16 (Cryptomelane) and γ-MnO2 have only been obtained using a hard template
(nanocasting) such as mesoporous silica (i.e. SBA-16 & KIT-6)28,29. In these studies, a
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mesoporous silica was used as hard template, the mesopores of the template was filled up with
manganese source, and then the manganese source was converted to the corresponding oxide
by a thermal treatment. This approach requires subsequent template removal by NaOH
following the formation of the desired oxide structure.
In this chapter of the thesis, we are reporting the transformation of mesoporous
amorphous manganese oxide (Meso-Mn-A) to crystalline mesoporous Mn2O3 (Meso-Mn2O3),
ɛ-MnO2 (Meso-ɛ-MnO2), and K2-x-Mn8O16 (Meso-OMS-2) materials by preserving the
mesoporosity under mild (0.2-0.5 M H+ & 40-70oC) conditions. Figure 4.1 summarizes the
transformation conditions for the materials mentioned in this chapter. The as synthesized
amorphous mesoporous manganese oxide (Meso-Mn) was subjected to a heating cycle of
150oC (10 h) + 250oC (3 h) + 350oC (2 h) to form amorphous Meso-Mn-A. Meso-Mn-A was
used as a substrate to form other crystalline mesoporous manganese oxides: (1) Meso-Mn2O3
was formed by heating Meso-Mn-A at 450oC for 1 h, (2) Meso-ɛ-MnO2 was synthesized by
treating Meso-Mn-A in a 0.5 M aqueous sulfuric acid solution at 70oC for 2 h, and (3) MesoOMS-2 was synthesized by treating Meso-Mn-A in a 0.5 M aqueous sulfuric acid solution
containing 0.5 M KCl at 70oC for 2 h.
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Figure 4.1: Schematic illustration of the synthetic approach to form crystalline mesoporous
manganese oxides.
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4.2 Experimental Section
4.2.1 Chemicals
Manganese nitrate tetrahydrate (Mn(NO3)2·4H2O, ≥97.0%), 1-butanol (anhydrous,
99.8%), block-poly(ethylene glycol)-block-Poly(propylene glycol)-block-Poly(ethylene
glycol) PEO20–PPO70–PEO20 (Pluronic P123), potassium chloride (KCl, ≥99.0%), manganese
(III) oxide (Mn2O3, 99%), and manganese (II, III) oxide (Mn3O4, 97%) were purchased from
Sigma-Aldrich. Concentrated sulfuric acid (H2SO4, 95-98%) and concentrated nitric acid
(HNO3, 68%-70%) were purchased from J. T. Baker. All chemicals were used as received
without any purification.
4.2.2 Synthesis of Mesoporous Manganese Oxides:
Amorphous mesoporous manganese oxide was synthesized using the procedure of
Poyraz et al2. and used as the precursor for the synthesis of several other mesoporous
manganese oxide materials with different crystal structures. In a typical synthesis, 5.0 g (0.02
mol) of Mn(NO3)2·4H2O was dissolved in a solution containing 14 g (0.188 mol) of 1-butanol,
2 g (0.032 mol) of HNO3 and 2 g (3.44x10-4 mol) of P123 surfactant in a 150- ml beaker at
room temperature (RT) and under magnetic stirring. The obtained clear gel is placed in an
oven at 120oC for 4 h. The obtained powder was washed several times with ethanol and then
the powder is centrifuged. Finally, the powder is dried in a vacuum oven overnight. The dried
powder was subjected to a heating cycle (150oC for 10-12h + 250oC (3h) + 350oC (2h)). The
powder was removed from the oven and naturally cooled down to RT after each heating step.
All heat treatments were done under air. The sample was labelled as Meso-Mn-A, where A
stands for amorphous.
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4.2.3 Synthesis of Mesoporous Mn2O3:
Amorphous Meso-Mn-A sample was heated at 450oC (1 h) to obtain crystalline
mesoporous Mn2O3 material. The sample was labelled as Meso-Mn2O3. Commercial Mn2O3
(purchased from Sigma-Aldrich) was labeled as C-Mn2O3.
4.2.4 Synthesis of Mesoporous ɛ-MnO2:
Amorphous Meso-Mn-A sample (0.3 g) was dispersed in 50 mL 0.5M H2SO4 aqueous
solution (DDI water) and sonicated at RT for 10 min. The formed homogeneous suspension
was transferred to a glass autoclave and the autoclave was placed in an oven running at 70oC
for 2 h. The obtained powder was filtered and washed several timed with DDI water and
finally dried in a vacuum oven over night. The sample was labelled as Meso-ɛ-MnO2.
4.2.5 Synthesis of Mesoporous K2-xMn8O16 (Cryptomelane) (OMS-2):
Amorphous Meso-Mn-A sample (0.3 g) was dispersed in a 50 mL aqueous solution
(DDI water) containing 0.5M H2SO4 + 0.5M KCl and sonicated at RT for 10 min. The formed
homogeneous suspension was transferred to a glass autoclave and the autoclave was placed
in an oven running at 70oC for 2 h. The obtained powder was filtered and washed several
timed with DDI water and finally dried in a vacuum oven over night. The sample was labelled
as Meso-OMS-2. A non-porous OMS-2 material was also synthesized for comparison with
reflux method using procedure of DeGuzman et al36. OMS-2 material synthesized with reflux
method was labeled as R-OMS-2.
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4.2.6 Catalyst Characterization:
PXRD analyses were performed on a Rigaku Ultima IV diffractometer (Cu Kα
radiation of 1.5406 A) with an operating voltage of 40 kV and a current of 44 mA. Both lowangle (2θ = 0.5 - 8) and wide-angle (2θ = 10 - 75) diffraction patterns were collected. N2
sorption isotherms were collected on a Quantachrome Autosorb-1-1C automated adsorption
system. The samples were degassed at 200 ºC for 4 h prior to the analyses. The surface areas
were calculated using the Brunauer-Emmett-Teller (BET) method and the pore size
distributions were obtained by Barrett-Joyner-Halenda (BJH) method from the desorption
branch of the isotherms. HR-TEM images of synthesized mesoporous materials were recorded
on a JEOL 2010 FasTEM microscope operating at 200 kV. Temperature programmed
reduction mass spectrometry (TPR-MS) was completed using an MKS PPT Quadrupole
Residual Gas Analyzer equipped with a vacuum manifold that allows for the sampling of gas
streams at or near atmospheric pressure. A 100-mg powder sample was loaded into a quartz
tube and placed inside a programmable tube furnace. Prior to analysis, the sample was treated
at 150oC in air for one hour and brought back to room temperature. A feed gas composed of
5% H2 in He gas was flowed at 500 sscm while the temperature was ramped at a rate of 10
o

C/min. from room temperature to 800 oC.

4.2.7 CO Oxidation:
The CO oxidation reactions with O2 were performed on a continuous flow fixed bed
quartz tubular reactor under atmospheric pressures. For each test, 100 mg of catalyst was
packed in a quartz tube and the catalyst surfaces were cleaned at 200 ºC for 1 h under helium
flow (15 cc/min). After cooling down the catalysts under ambient conditions to RT, a gas
mixture containing 1% CO, 5% O2 balanced in N2 was passed through the catalyst bed at a
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flow rate of 20 mL/min. The outlet gas streams were analyzed by an online gas chromatograph
(SRI 8610C Multiple Gas Analyzer #1 GC) equipped with a thermal conductivity detector
(TCD). The reaction temperature was measured using a K-type thermocouple inserted directly
into the catalyst bed. The reaction conversion were calculated using CO, O2, and CO2
concentration; N2 was used as an internal standard.

103

4.3 Results
4.3.1 Physicochemical Characterization of Mesoporous Manganese Oxides:
Figure 4.2a shows the low-angle PXRD patterns of the mesoporous samples. All
samples have one low-angle diffraction line indicating the existence of a mesostructure. The
positions of the diffraction lines are at around ~8 nm for all the mesoporous samples except
Meso-Mn2O3 (10.8 nm) (see Table 4.1). The increase is attributed to a unit-cell expansion
upon heat treatment caused by nano-particle sintering, which is also typical for UCT
materials2,30. Figure 4.2b shows the wide-angle PXRD patterns of mesoporous manganese
oxides. Meso-Mn-A does not show any diffraction lines (amorphous) whereas Meso-Mn2O3
shows bixbyite (Mn2O3) crystal structure with a crystallite size of 11.8 nm (Table 4.1). Acid
treatment of Meso-Mn-A sample yielded the ɛ-MnO2 (Meso-ɛ-MnO2) phase with a crystallite
size of 2.3 nm (Figure 4.2b & Table 4.1). The ɛ-MnO2 (Akhtenskite) is a relatively less
known phase of manganese oxide and is structurally (and electrochemically) very similar to
γ-MnO2 phase24–26. Both (ɛ- and γ-) consist of an intergrowth 1x1 pyrolusite (2.3 Å x 2.3 Å)
phase and a 1x2 ramsdellite (4.6 Å x 2.3 Å) phase. However, the ɛ- phase shows more
structural faults (De Wolff faults) and microtwinning than the γ- phase24,25. MnO6 octahedral
units are the building blocks of ɛ-MnO2 as well as numerous other microporous manganese
oxides known as Octahedral Molecular Sieves (OMS). The micropores of OMS materials are
occupied with charge balancing cations (i.e. H+, K+, Ag+, Rb+, Mg2+, Ba2+) and manganese is
mixed-valent with oxidation states of 2+, 3+, and 4+16,27,31,32. Among the OMS materials,
potassium containing manganese oxide octahedral molecular sieves (K-OMS-2) have
attracted much interest due to its considerable redox activity in catalytic reactions17,20,33–35.
OMS-2 is a synthetic analogue of a naturally occurring microporous manganese oxide
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mineral, cryptomelane (4.7 Å x 4.7 Å)27. Synthesized mesoporous K-OMS-2 (Meso-OMS-2)
has the cryptomelane (K2-xMn8O16) phase with a crystallite size of 5.0 nm (Figure 4.2b &
Table 4.1). Figure 4.2 shows the N2 sorption isotherms (c) and BJH desorption pore size
distributions (d) of mesoporous manganese oxides. BET surface areas, pore sizes, and pore
volumes of mesoporous manganese oxides are summarized in Table 4.1.
Regardless of applied heat or acid treatments, all the materials have a Type IV
adsorption isotherm indicating the existence of mesopores followed by a Type I hysteresis
loop suggesting a regular mesoporosity. Acid treated samples exhibit higher mesopore sizes
than the parent Meso-Mn-A (3.4 nm) and Meso-Mn2O3 (3.8 nm) with Meso-ɛ-MnO2 having
the largest pore size (5.6 nm). In addition, all mesoporous samples exhibit high BET surface
areas (>128 m2/g) where Meso-OMS-2 is the one with the highest surface area (277 m2/g).
For comparison, commercial Mn2O3 (C-Mn2O3) and non-porous K-OMS-2 synthesized by
reflux methods (R-OMS-2) were also analyzed36. Their physicochemical properties are
summarized in Table 4.1 and Figure 4.3. Both C-Mn2O3 and R-OMS-2 do not have any lowangle diffraction lines (Figure 4.3a) and have high crystallinity (Figure 4.3b & Table 4.1).
They also demonstrate a Type III adsorption isotherm due to their non-porous nature (Figure
4.3c), and therefore they exhibit low BET surface areas (< 56 m2/g).
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Figure 4.2 (a) Low-angle PXRD, (b) wide-angle PXRD, (c) N2 sorption isotherms, and (d) BJH Desorption pore size
distributions of mesoporous manganese oxides: Meso-Mn-A, Meso-Mn2O3, Meso- ɛ-MnO2, and Meso-OMS-2.
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Table 4.1 Surface area (SBET), BJH desorption pore size distribution (P), BJH desorption pore
volume (V), low-angle PXRD peak position (L), Scherrer crystallite size (D), and crystal
structure of the mesoporous support.

Sample ID

L (nm)

SBET
(m2/g)

P
(nm)

V
(cc/g)

D
(nm)

Meso-Mn-A
Meso-Mn2O3

7.9
10.8

238
128

3.4
3.8

0.31
0.22

NA
11.8

Crystal
Structure

T100*
(oC)

NA
25
Mn2O3
50
(Bixbyite)
Meso-ɛ-MnO2
8.4
196
5.6
0.32
2.3
ɛ-MnO2
50
(Akhtenskite)
Meso-OMS-2
8.2
277
4.8
0.48
5.0
K2-xMn8O16
50
(Cryptomelane
)
C-Mn2O3
NA
9
NA
0.01
34.6
Mn2O3
NA
(Bixbyite)
R-OMS-2
NA
56
NA
0.69
8.6
K2-xMn8O16
225
(Cryptomelane
)
* T100 is 100% conversion temperatures in CO oxidation experiments. The conversion is
based on CO.
1%CO + 2% O2 were diluted in N2. The flow rate was 15 cc/min. The experiment were
conducted at atmospheric pressure.
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Figure 4.3 (a) Low-angle PXRD, (b) wide-angle PXRD, (c) N2 sorption isotherms of CMn2O3 and R-OMS-2 samples.
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4.3.2 Electron Microscopy Characterization of Mesoporous Manganese Oxides:
Morphology studies using SEM (Figure 4.4) revealed that the acid treatment caused
drastic changes on the surface morphology of mesoporous manganese oxides, despite the low
magnification images showing aggregated micron sized spheres for all samples. Direct heat
treatment of Meso-Mn-A to form Meso-Mn2O3 did not cause a significant change ofthe
surface morphology. The sample preserved its relatively smooth surface morphology
(compare Figure 4.4a and b). However, the surface morphology of Meso-ɛ-MnO2 particles
show flakes growing out the particles with wide openings (Figure 4.4c) and Meso-OMS-2
sample has surfaces covered by needles growing out of the spherical particles (Figure 4.4d).
HR-TEM images of mesoporous manganese oxide samples were also collected for better
evaluation of the changes of surface morphologies (Figure 5.5). HR-TEM images of MesoMn-A and Meso-Mn2O3 samples show nano-particle aggregates with a porous nature formed
by intraparticle voids (mesopores) (Figure 4.5 a & b). Unlike Meso-Mn2O3 samples, the
origin of mesoporosity is not clear for Meso-ɛ-MnO2 and Meso-OMS-2 samples due to the
sample thickness. HR-TEM images of Meso-ɛ-MnO2 (Figure 4.5 c) and Meso-OMS-2
(Figure 4.5d) show flakes and needles growing on the surface of particles which is consistent
with the SEM analyses. More detailed HR-TEM analyses using the samples prepared by focus
ion beam (FIB) is underway for Meso-ɛ-MnO2 and Meso-OMS-2 samples to investigate the
origins of mesoporosity.
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Figure 4.4. SEM images of mesoporous manganese oxides (a) Meso-Mn-A, (b) MesoMn2O3, (c)Meso-ɛ-MnO2, and (d) Meso-OMS-2.
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Figure 4.5 HR-TEM images of mesoporous manganese oxides. (a) Meso-Mn-A, (b) MesoMn2O3, (b) Meso- ɛ-MnO2, and (c) Meso-OMS-2.
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4.3.3 Redox Properties of Mesoporous Manganese Oxides:
As redox catalysts, manganese oxides are known to be very active for selective or total
oxidations or oxidative transformations of various organic compounds in both liquid and gas
phase reactions15,20,33–35,39. Nano-crystalline manganese oxides with easily interchangeable
multiple oxidations states are found to be the most active in these studies. Therefore, the redox
properties of mesoporous manganese oxides were examined by H2-TPR (Figure 4.6). Among
all the mesoporous samples, Meso-Mn-A showed the lowest reduction temperature of 318oC
with a two-step reduction (the second is at 469oC). Meso-Mn2O3 was reduced in one step with
a peak position of 502oC which was lower than the commercial analogue (C-Mn2O3, 534oC).
The shift of the reduction temperature was attributed to the more easily reducible nature of
nano-crystalline Meso-Mn2O3. Meso-OMS-2 showed a two-step reduction (at 347oC and
411oC) and the ratio of the lower temperature peak to the higher temperature peak was around
1. Therefore, the lower temperature reduction was attributed to the reduction of MnO2 to
Mn2O3 and the higher temperature peak was attributed to the reduction of Mn2O3 to MnO.
On the other hand, R-OMS-2 (non-porous) only showed one broad reduction peak
centered at 418oC, which is typical for large and non-porous particles40. Meso-ɛ-MnO2 also
showed a two-step reduction (at 364oC and 480oC) and the ratio of the lower temperature peak
to the higher temperature peak was around 2. The lower temperature reduction was attributed
the reduction of MnO2 to Mn3O4 and the higher temperature peak was attributed to the
reduction of Mn3O4 to MnO. Similar reduction profiles were previously observed for γ- and
β-MnO2 which supports our assignments15. The reducibility of the samples is enhanced in the
order of C-Mn2O3 < R-OMS-2 < Meso-Mn2O3 < Meso-OMS-2 < Meso-ɛ-MnO2 < Meso-MnA.
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Figure 4.6 H2-TPR (temperature-programming reduction) profiles of mesoporous manganese
oxides (Meso-Mn-A, Meso-Mn2O3, Meso-ɛ-MnO2, and Meso-OMS-2), C-Mn2O3, and ROMS-2 samples.
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4.3.3 Catalytic Properties of Mesoporous Manganese Oxides (CO Oxidation)
The catalytic activity of mesoporous manganese oxides was tested for CO oxidation
Figure 4.7a. T100 (100% conversion) temperatures are summarized in Table 4.1. Meso-MnA showed the highest activity (100% conversion at RT). Meso-ɛ-MnO2 and Meso-OMS-2
demonstrated similar activity and both reached 100% conversions at 50oC. However, Mesoɛ-MnO2 was slightly more active than Meso-OMS-2, which showed 95% (vs. 60%)
conversion at RT. Meso-Mn2O3 showed the lowest activity among the mesoporous manganese
oxides and 100% conversion was observed at 75oC. All mesoporous manganese oxides were
much more active than non-porous manganese oxides (R-OMS-2 & C-Mn2O3). R-OMS-2
reached 100% conversion at 225oC and C-Mn2O3 only reached 20% conversion at the same
temperature. The order of catalytic activity was found to be the same as the order of
reducibility. The ɛ-MnO2 phase (Meso-ɛ-MnO2) was found to be the most active phase among
the crystalline samples. Therefore, Meso-ɛ-MnO2 was also used for the catalytic stability test
(Figure 4.7b) and no activity loss was observed for CO oxidation after 24 h of reaction.
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Figure 4.7 The catalytic performance of mesoporous manganese oxides, C-Mn2O3, and
Reflux-OMS-2 samples at two different O2 amounts (1% CO). (a) 2% O2, (b) 1%O2 (c)
Catalytic stability test at different O2 amounts with Meso- ɛ-MnO2 sample.

115

4.4 Discussions
The parent mesoporous manganese oxides (Meso-Mn-A) are members of the recently
discovered University of Connecticut (UCT) mesoporous materials family. The UCT
materials are randomly packed monodispersed nano-particle aggregates and the mesopores
are continuous intraparticle voids. The UCT materials typically have one low-angle diffraction
line indicating the size of the building blocks (nano-particles) and a Type IV adsorption
isotherm indicating a regular mesoporous structure2. All mesoporous manganese oxides
reported in this chapter have these characteristic features. The amorphous manganese oxide
(Meso-Mn) was synthesized using a recently developed inverse micelle templating route.
Shortly, the method uses inverse non-ionic surfactant micelles (P123) as a soft template while
the sol-gel process of manganese sols is controlled in acidic media (HNO3) by NOx chemistry.
NOx is formed in situ by thermal decomposition of nitrate ions. The formed NOx is adsorbed
on oxo-clusters to prevent uncontrolled condensation and decomposition gradually increases
the pH to control the condensation of inorganic sols. All mesoporous samples exhibit high
BET surface areas (>128 m2/g) where Meso-OMS-2 is the one with the highest surface area
(277 m2/g).
The transformation of Mn2O3 and Mn3O4 phases to MnO2 in acidic aqueous solutions
relies on dissolution-disproportion reactions (Equation 1-3)37,38. Mn3+(s) is reduced to Mn2+
(aq) which leaches out from the oxide surface; meanwhile Mn3+(s) is oxidized to Mn4+(s) to
form MnO2 in acidic aqueous media. Sinha et al. converted mesoporous mixed phase (Mn3O4
and Mn2O3) manganese oxide to γ-MnO2 using a 10 M sulfuric acid solution at RT (20x
concentrated than the conditions used in this study)11,39. In another study, Walanda et al.
transformed non-porous Mn2O3 to γ-MnO2 (0.5 M H+, 80oC for 1 week) and OMS-2 (5.0 M
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H+, 80oC for 1 week) by sulfuric acid treatment38. Due to nano-particle nature of UCT
materials, the transformation conditions are much milder (0.5 M H+ at 70oC for 2 h) and
resulting materials exhibit high surfaces area and mesoporosity. In addition, mesoporous ɛMnO2 and OMS-2 have not been observed previously. In order to validate mildness of the
reaction conditions, commercial Mn2O3 (C-Mn2O3) was treated with 0.5 M sulfuric acid
solution at 80oC for 4 h. Despite the transformation being done at a higher temperature (70oC
vs. 80oC) and longer time (2 h vs. 4 h.), the transformation was incomplete and the major
crystal structure was still Mn2O3. Most probably, the transformation only occurred on the
surface and the bulk remained the same.
Dissolution of Mn2O3.
Mn2O3(s) + 2H+ (aq) ↔ 2MnO+(aq) + H2O

(eq. 1)

Disproportionation.
2MnO+(aq) ↔ MnO2(s) + Mn2+(aq)

(eq. 2)

Overall (Equation 1 + Equation 2)
Mn2O3(s) + 2H+(aq) ↔ MnO2(s) + Mn2+(aq) + H2O

(eq. 3)

The synthesized mesoporous manganese oxides demonstrated enhanced redox
properties compared to nonporous counterparts regardless of the crystal structure investigated.
The enhanced redox activity was correlated perfectly with the catalytic activity. The
reducibility of the samples so as the catalytic activity for CO oxidation enhanced in the order
of C-Mn2O3 < R-OMS-2 < Meso-Mn2O3 < Meso-OMS-2 < Meso-ɛ-MnO2 < Meso-Mn-A.
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4.5 Conclusion:
In summary, amorphous mesoporous manganese oxide was transformed into two
different crystal phases (OMS-2 and ɛ-MnO2) of manganese oxide under mild acidic
conditions (0.5 M), at low temperatures (70oC), and in very short times (2 h). The materials
maintained high surface areas (≥ 196 m2/g) and mesoporosity (4.8-5.6 nm) after the
transformation. Nano-crystalline mesoporous manganese oxides demonstrated enhanced
reducibility and high catalytic activity for CO oxidation. The catalytic activity correlated with
the reducibility and followed the order of C-Mn2O3 < R-OMS-2 < Meso-Mn2O3 < MesoOMS-2 < Meso-ɛ-MnO2 < Meso-Mn-A. The extension of the work describing the synthesis
of various polymorphs (α-, β-, γ-) of MnO2 and OMS materials is underway.
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Chapter 5: Future Directions:
The developed inverse micelle templating route and the utilization of NOx chemistry
for the first time to controlling the sol-gel rates are unorthodox approaches for synthesizing
mesoporous materials. The developed method is not only generic, but also the materials
synthesized by the method demonstrate different physicochemical properties and high thermal
stabilities. As a future perspective, the developed methods can be (1) further developed and
optimized, (2) used to contribute to the making of thin films, coatings, doping, and surface
promotion of existing nanostructures, and (3) useful for designing unique materials for
catalytic, electronic, magnetic, and optical materials for specific applications.
Current knowledge in the synthesis of amphiphilic substances (surfactants) allows one
to synthesize surfactants with almost limitless possibilities. The self-assembly of these
surfactants into supramolecular structures (i.e. micelles, vesicles, liquid crystals, 2D layered
structures) in numerous solvent systems and external conditions (i.e. temperature, electric
field) have been extensively studied. With this knowledge only, new inverse micellar solutions
with different solvent systems can be designed to synthesize inverse micelle template
mesoporous materials. A change in the solvent system will also alter the reaction conditions
such as temperature, duration, and acidity to give more flexibility in using various metal
precursors. Combined with the knowledge of NOx chemistry, potential synthesis of new
mesoporous materials with tunable physicochemical properties and different crystal structures
is possible. For example, a new surfactant and water free inverse micelle system can make the
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use of conventional sol-gel chemistry of transition metal sols (hydrolysis and condensation)
possible.
Apart from the possibilities of using inverse micelles created by different surfactants,
the developed NOx (nitric oxides) regulated sol-gel chemistry brings additional possibilities
to long existing conventional methods to synthesize mesoporous materials. Recall that the
main limitation in conventional sol-gel chemistry for the synthesis of mesoporous materials
is the water content in the reaction media. Since NOx chemistry can easily control the gelation
of inorganic sols in the presence of water (water tolerant), one can use aqueous micellar
solutions or liquid crystals as soft templates to make mesoporous materials with cylindrical
pore structures.
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